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ABSTRACT 
 
Iron deficiency is the most common nutrient deficiency globally. Fortification of cereal 
grains is a main strategy used to ameliorate global iron deficiency due to its safety and efficacy. 
For fortification to be effective, fortification programs must use appropriate iron compounds at 
appropriate levels. However, existing laboratory methods to identify and quantify fortificants are 
time consuming and costly. Our objective was to develop a quick and simple method to identify 
and quantify iron compounds commonly used for flour fortification. Unfortified whole wheat, 
refined wheat, and yellow corn flours were fortified with 20–60 mg Fe/kg flour using ferric 
pyrophosphate (FePP), ferrous sulfate (FeSO4), ferrous citrate (FeCit), ferrous fumarate 
(FeFum), sodium ferric EDTA (NaFeEDTA), and electrolytic iron (EFe). Using potassium 
thiocyanate (KSCN) with HCl with and without hydrogen peroxide (H2O2), we identified EFe, 
ferric, and ferrous fortificants. NaFeEDTA, FePP, FeSO4, FeCit, and FeFum were identified 
based on their solubility in water using ferrozine with and without ascorbic acid (ASC). An 
alternative method for identification that uses only KSCN as a chromogen was also developed 
but was inferior to the ferrozine method. Four blinded samples were prepared with randomly 
selected fortificants (EFe, NaFeEDTA, FePP, FeFum) and all were correctly identified by four 
personnel. For quantification, those four samples plus an additional FeSO4 sample were tested 
blindly. The average of each person’s reported iron levels for each sample were within 10 mg 
Fe/kg of actual iron levels 85% of the time. Estimated iron levels from the visual method were 
not significantly different than iron levels from two standard quantitative methods (p > 0.05) for 
all the fortificants tested suggesting reliability of simple visual testing. These quick, inexpensive, 
and reliable methods will be useful for agencies to identify the type and amount of iron added to 
flour to monitor the quality of iron fortification strategies. 
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CHAPTER 1. GENERAL INTRODUCTION 
 
Background  
As of 2017, 2.0 billion people are affected by anemia globally and 1.1 billion people have 
iron deficiency anemia [1]. The prevalence of anemia is highest among females of reproductive 
age and children under 5 years old [2]. Iron deficiency is caused by many factors including low 
iron intake, low intake of bioavailable iron, inflammation, and infections. Strategies to 
ameliorate global iron deficiency include fortification, supplementation, improving dietary 
diversity, and biofortification [3]. Fortification is important because of its safety and efficacy, but 
this can only be insured if there is adequate oversight of fortification programs. However, there 
are currently no low cost, rapid, and reliable methods available for the identification and 
quantification of iron fortificants used in flour fortification. Here, we developed a rapid, reliable, 
and inexpensive method for use by government agencies to identify and quantify iron fortificants 
in cereal flours for oversight of fortification programs.  
Objectives 
1. Develop a rapid, reliable, and inexpensive method for the identification of six of the most 
commonly used iron fortificants (electrolytic iron (EFe), ferric pyrophosphate (FePP), 
sodium ferric EDTA (NaFeEDTA), ferrous sulfate (FeSO4), ferrous fumarate (FeFum), 
ferrous citrate(FeCit)) added to cereal flours (refined wheat flour, whole wheat flour, 
yellow corn flour). 
2. Develop a rapid, reliable, and inexpensive method for the quantification of five of the 
most commonly used iron fortificants (EFe, FePP, NaFeEDTA, FeSO4, FeFum) added to 
cereal flours.  
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3. Develop a rapid, reliable, and inexpensive method using only potassium thiocyanate as a 
chromogen for the identification and quantification of five of the most commonly used 
iron fortificants (EFe, FePP, NaFeEDTA, FeSO4, FeFum) added to cereal flours. 
Thesis Organization 
This thesis contains four chapters including a general introduction, literature review, a 
manuscript, and an overall summary, with additional methods not included in the manuscript and 
detailed instructions of the methods developed in the appendices. The manuscript is titled “Rapid 
and reliable method for qualitative and quantitative assessment of iron fortificants used for flour 
fortification” and was written for the submission to the journal Nutrients. References throughout 
this thesis are at the end of each chapter and are formatted using the Nutrients citation format. 
The research described in this thesis focuses on the development of methods for identification 
and quantification of iron fortificants in cereal flour.  
Author’s Roles  
In the course of my master’s degree program, I worked primarily on the development of 
these methods. The majority of my work is presented in Chapter 3 of this thesis, which includes 
the development, description, and results of these methods including the results of laboratory 
assistants testing of blinded samples. For the manuscript, I wrote the draft with the assistance of 
Isaac Agbemafle, and Dr. Manju Reddy edited the manuscript as a lead investigator on the 
project.  
References 
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with disability for 354 diseases and injuries for 195 countries and territories, 1990–2017: 
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1789–1858.  
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CHAPTER 2. LITERATURE REVIEW 
Prevalence, Causes, Risk Factors, and Consequences of Iron Deficiency  
and Anemia  
Prevalence of iron deficiency and anemia  
As of 2017, 2.0 billion people are affected by anemia globally. While the prevalence of 
iron deficiency is decreasing, in 2017 1.1 billion people had iron deficiency anemia [1]. Iron 
deficiency is the leading cause of years lived with disability (YLD) in many countries. Globally, 
iron deficiency anemia is the fourth leading cause of YLD after low back pain, headache 
disorders, and depressive disorders [1]. Prevalence of anemia is highest among females of 
reproductive age and children under 5 years old [2]. Globally, in 2016 42% of children under 5 
years of age, 33% of females of reproductive age, and 40% of pregnant females had anemia [3, 
4]. 
Causes and risk factors of iron deficiency and anemia 
Iron deficiency can be caused by several factors, including low iron intake, low iron 
absorption, low consumption of highly bioavailable iron, and high iron loss. In females of 
reproductive age, there is a wide range in the amount of iron lost during menstruation, and iron 
deficiency is often caused by high blood loss during menstruation. Since the 1960s, estimated 
iron losses from menstruation have fallen from 0.7 mg iron lost per day to 0.4 mg lost per day [5, 
6]. This is likely due to wider use of oral contraceptives, but there is still a wide range in amount 
of blood lost [6, 7].  
Premature birth is related to iron deficiency in infants. Iron is largely transferred to the 
fetus in the third trimester. Premature infants are more prone to iron deficiency because they are 
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born before transfer of iron to the fetus is complete and because they grow at a more rapid rate 
than full term infants [8].  
 Iron deficiency anemia (IDA) can result from inflammation associated with chronic 
diseases, obesity, and acute illness. Infections can also result in secondary nutrient deficiencies 
and anemia if they result in diarrhea and malabsorption [9]. Helicobacter pylori, for example, 
can cause IDA. Around half of the world’s population carry H. pylori, with the highest 
prevalence in Africa, Latin America, and Asia [10]. H. pylori may cause IDA by multiple 
mechanisms including sequestering iron, decreasing gastric acid secretion, altering ascorbic acid 
(ASC) metabolism in the GI tract, and blood loss from inflammation of gut mucosa [11]. 
Additionally, decreased stomach acid leads to increased enteropathogenesis and diarrhea, leading 
to IDA [12]. Anemia is a common feature of HIV and is a predictor of morbidity and mortality. 
Even with treatment, some remain anemic, likely due to underlying inflammation [13]. Soil- 
transmitted helminths are a very large and often ignored problem, with 1.5 billion people 
infected globally, though symptoms are not always present [14]. Helminths feed on the blood 
and tissues of the host, leading to iron and protein deficits and anemia as well as loss of appetite 
and diarrhea.  
Chronic inflammation from obesity, autoimmune conditions, and chronic kidney disease 
can result in changes in iron homeostasis or IDA [15, 16]. Systemic inflammation increases 
levels of the hormone hepcidin, which decreases iron absorption [17]. Additionally, chronic 
inflammatory conditions of the GI tract, like Crohn’s disease and ulcerative colitis, can cause 
IDA through multiple mechanisms, including inflammatory signaling, GI bleeding, and diarrhea 
[17]. 
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Iron deficiency anemia constitutes 50% of anemia cases globally [9]. Deficiencies of 
other nutrients, including vitamins A, B2, B6, B12, C, D, E, folate, and copper, can also result in 
nutritional anemias. These nutrients are needed for hemoglobin synthesis, the production or 
maintenance of red blood cells (RBC), or are involved in iron metabolism. Additionally, anemia 
can be the result of genetic abnormalities like sickle cell disease, alpha and beta thalassemia, and 
glucose-6-phosphate dehydrogenase (G6PD) deficiency, all of which predominantly affect those 
in developing countries [18]. In general, sickle cell disease predominately affects those in Sub-
Saharan Africa, thalassemia affects Southeast Asia and Africa, and G6PD deficiency affects 
Africa and the Mediterranean [18]. Eating disorders like anorexia nervosa can also result in 
anemia, though this may not be due to iron deficiency [19]. Iron deficiency can, however, 
exacerbate the hormone dysregulation and bone loss associated with female athlete triad [20].  
Consequences of iron deficiency and anemia  
General symptoms of IDA include fatigue, weakness, headache, hair loss, brittle nails, 
decreased work capacity, inability to maintain body temperature in a cold environment, behavior 
changes, decreased resistance to infection, and adverse pregnancy outcomes [21, 22].  
During pregnancy, both mother and fetus can face short- and long-term consequences due 
to iron deficiency [23]. Anemia causes cardiovascular strain and reduced physical and mental 
performance for the mother [24]. Anemia increases the risk of maternal mortality from other 
factors, like blood loss, and increases the chance that blood transfusions will be required. 
Postpartum, anemia is associated with insufficient milk production [24]. IDA is associated with 
increased risk of low birth weight and preterm delivery [7]. Three mechanisms have been 
proposed to explain why IDA in pregnancy could lead to preterm delivery [25]. First, hypoxia 
and increased norepinephrine induce fetal and maternal stress, which leads to increased 
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production of corticotropin-releasing hormone (CRH). CRH is a risk factor for preterm labor, 
pregnancy-induced hypertension, eclampsia, and premature rupture of membranes, and leads to 
increased fetal cortisol production, which may reduce growth. Second, iron deficiency increases 
oxidative damage. Third, iron deficiency increases maternal risk of infection. Babies born at term 
usually have adequate iron stores regardless of maternal iron status [26].  
 Iron deficiency during infancy and childhood has significant negative effects, particularly 
on immune function and brain development. Signs and symptoms of IDA in children include 
pale skin, fatigue, slowed development, poor appetite, behavioral problems, and frequent 
infection [27]. Anemia in childhood is associated with an increased risk of seeking medical 
attention for a lower respiratory tract infection [28]. IDA is also correlated with asthma [29]. Iron 
deficiency and anemia in childhood may have lifelong effects, and are associated with impaired 
performance in school, cognitive problems, and behavior problems. Specifically, iron deficiency 
can negatively impact neural development early in life. In follow up longitudinal studies, iron 
deficiency in infancy was linked with poorer cognitive function in childhood, and worse 
executive function in adolescence [30]. In rats, iron deficiency has been shown to have long 
lasting negative effects on myelin formation. Early research showed that even short-term iron 
supplementation in infants with IDA could improve development and motor control, even 
without improving hemoglobin levels [31]. This suggests that iron deficiency could have 
negative effects, even if anemia is not present. The behavioral effects of IDA in infancy appear 
to be mitigated if anemia is corrected by two years of age [32]. Four-year-old children who were 
anemic in infancy and at 2-years-old fared worse on measures of social emotional development 
compared to children who never had IDA. However, children whose anemia was corrected by 2-
years-old fared similarly to those who never had IDA. Iron deficiency is thought to contribute to 
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pica in children [22]. This increases the risk that children will consume toxic non-foods like 
chips of lead paint, which can further damage the brain.  
In adulthood, iron deficiency is associated with decreased productivity and decreased 
immune function. New evidence has also found an association with iron and restless leg 
syndrome (RLS) [33]. RLS is associated with iron deficiency or low iron levels in the brain, and 
individuals with both RLS and IDA have worse RLS symptoms.  
Iron Absorption 
Iron in the body  
The adult human body contains 3–5 g iron [34]. Iron is found primarily in red blood cells, 
liver, macrophages, and myoglobin. Red blood cells contain 65–75% of the body’s iron. Another 
10–20% of iron is stored as ferritin in macrophages or hepatocytes, and 3–4% of the body’s iron 
is found in muscle as myoglobin [34, 35]. There is no dedicated method for iron excretion and 
iron is lost only by sloughing off the epithelium of the gastrointestinal tract, blood loss, and 
sweating. To account for these losses, 1–2 mg of iron needs to be absorbed per day. 
Iron in foods  
Dietary iron is present in foods as nonheme iron or heme iron. Nonheme can be ferric or 
ferrous, or elemental if from fortified foods. Ferric and elemental iron are the least bioavailable, 
and heme iron is the most bioavailable. Heme and nonheme iron are often bound to proteins in 
foods. Nonheme iron is released from proteins in the acidity of the stomach [36], and heme iron 
is released from proteins during proteolytic digestion in the stomach and small intestine [37].  
Heme iron absorption  
Heme and nonheme iron are absorbed in the duodenum [38]. Heme iron consists of an 
iron molecule within a protoporphyrin ring, and dietary heme iron comes largely from 
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hemoglobin and myoglobin from animal-based foods. Heme iron is better absorbed than 
nonheme iron. An early radioisotope study found that in young adult males 37% of heme iron 
was absorbed, while only 5% of nonheme iron was absorbed [39]. It is currently believed that 
15–35% of heme iron is absorbed [40]. The mechanism of heme iron absorption is not well 
understood. It is believed that heme is absorbed via heme carrier protein 1 (HCP1), also called 
proton-coupled folate transporter (PCFT) because it also has a role in folate absorption [41, 42]. 
Once in the enterocyte, the iron molecule is removed from the porphyrin ring by the enzyme 
heme oxygenase [41]. Intact heme may also exit the enterocyte for entry into the blood via the 
heme exporter FLVCR (feline leukemia virus subgroup C receptor-related protein). 
Nonheme iron absorption  
Nonheme iron is found in both plant and animal sources and is the form of iron in most 
supplements and iron fortified foods. Nonheme iron can be ferric (Fe3+), ferrous (Fe2+), or 
elemental (Fe0). Nonheme iron may be bound to proteins like ferritin, chelated to compounds 
like EDTA, or freely dissolved. In an aqueous environment, freely dissolved ferrous iron reacts 
with dissolved oxygen and hydroxide ions to form less soluble ferric compounds, and this 
process occurs more rapidly at a neutral pH compared to an acidic pH [43, 44].  
To be absorbed, ferric iron must be reduced to ferrous iron. This is done by ferrireductase 
duodenal cytochrome b (DCYTB), an enzyme on the apical surface of enterocytes that likely 
uses ASC [36]. Additionally, ASC and amino acids like cysteine can also reduce iron 
nonenzymatically [45]. Ferrous iron is then absorbed via divalent metal transporter 1 (DMT1) 
[46]. Other modes of absorption for iron are debated. Nonheme iron, particularly when bound to 
ferritin, may also be absorbed by endocytosis [47, 48]. There has been speculation that the zinc 
transporter ZIP4 may have a role in iron absorption, but this has not been confirmed [49]. 
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Factors affecting iron absorption  
Many factors can enhance or inhibit iron absorption, with most of these factors affecting 
only nonheme iron. Dietary factors that enhance iron absorption if present in the GI tract with 
iron include ASC, cysteine, meat fish poultry (MFP) factor, sugars, organic acids, and possibly 
alcohol [50–52]. Dietary factors that inhibit iron absorption include polyphenols, phytate, oxalic 
acid, and other minerals including copper, zinc, and calcium [51].  
The effect of ASC on iron absorption is likely two-fold. First, ASC reduces iron from 
ferric to ferrous allowing it to be absorbed by DMT1. Second, ASC chelates iron and reduces pH 
to increase iron’s solubility [53].  
 An unknown factor in meat, fish, and poultry, termed MFP factor, has been known to 
increase nonheme iron absorption. Several potential mechanisms have been proposed. First, a 
component in MFP, like amino acids, proteins, or other factors, could chelate iron to maintain its 
solubility. Second, a component in MFP may stimulate secretion of gastrin or other factors that 
chelate iron. Third, a component in MFP may stimulate gastric acid production, which reduces 
pH and keeps iron soluble [54]. 
Polyphenols are a wide class of molecules that bind to iron and prevent its absorption. 
Foods and beverages rich in polyphenols include coffee and tea primarily, but also wine, fruit, 
vegetables, legumes, some cereals, and herbs. The type of polyphenol likely affects the degree to 
which iron absorption is inhibited [55].  
Phytate (myo-inositol hexakisphosphate) is the storage form of phosphorus in plants, 
especially in seeds. Foods high in phytate include grains, where phytate is largely found in the 
bran, as well as nuts and legumes. Phytate binds to iron preventing its absorption and is the main 
inhibitor of iron absorption in plant-based diets [55]. Milling to remove bran, as well as soaking, 
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germinating, and fermenting high phytate food can help to remove phytate. Degrading phytate in 
soy protein isolates has been shown to increase iron absorption [56]. Adding exogenous phytase 
to meals can also improve iron absorption [55]. Phytate degrading probiotics that are active in 
the small intestine could be another potential tool to increase iron absorption in high phytate 
diets [57]. Phytate can chelate other essential minerals including copper, zinc, cobalt, 
manganese, calcium, and magnesium, and may lead to their deficiencies [58, 59]. Phytate may 
also function as an antioxidant in foods due to its ability to chelate iron, preventing it from 
participating in the Fenton reaction in which iron reacts to produce free radicals [60]. Animal 
studies suggest that phytate may have anti-colon-cancer properties, and in vitro studies suggest 
phytate reduces cell proliferation [58].  
Other minerals including calcium, zinc, copper, and manganese are known to decrease 
iron absorption [61]. Zinc, copper, and manganese can be absorbed via the iron transporter 
DMT1 and these minerals may compete for absorption with iron [46]. Calcium negatively affects 
both heme and nonheme iron absorption, though the effect is limited, and the mechanism of its 
inhibition is not totally understood [55]. 
Transport and exit of iron from enterocytes  
After iron is absorbed into the enterocyte, it is chaperoned around the cell. Mobilferrin is 
a cytosolic protein that binds to intracellular ferrous iron and transports it to the basolateral 
membrane [38, 62]. Ferroportin (FPN) is found on the basolateral membrane of enterocytes and 
it exports ferrous iron out of enterocytes for entry into the blood [63]. FPN is inhibited by 
hepcidin and is heavily regulated as it is the main determinant of iron into the body. FPN is the 
only known iron exporter and is present on all cell types. Hephaestin is a copper dependent 
ferroxidase in the small intestine that converts extracellular ferrous iron to ferric [64].  
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Iron Metabolism  
Iron is essential for many cellular processes, but excess iron in cells can be detrimental. 
Free iron not bound to proteins may participate in the Fenton reaction where iron reacts with 
oxygen to produce hydroxyl radicals inducing oxidative stress [65]. 
Iron transport and storage 
Transferrin in blood binds to up to two ferric iron molecules [66]. Transferrin receptor 1 
(TfR1) is a glycoprotein on cell membranes that binds to two transferrin molecules and 
internalizes them into endosomes [67]. Serum (or soluble) transferrin receptor (sTfR) is a 
cleaved portion of TfR in circulation that reflects TfR levels in the body. High sTfR indicates 
intracellular iron deficiency, and, unlike some other measures of iron deficiency, sTfR is not 
affected by inflammation [68]. Within the acidic environment of the endosome, transferrin 
releases its bound ferric iron molecules [66]. This ferric iron is then reduced to ferrous iron by a 
metalloreductase and is exported into the cytosol by DMT1 [65].  
Ferritin is a cage-like protein composed of 24 light or heavy subunits that reversibly 
binds up to 4500 iron atoms [69]. It is the iron reservoir within the cytosol of all cells and the 
buffer against intracellular iron toxicity and deficiency. Ferrous iron enters through ion channels 
on ferritin and is oxidized to ferric iron and stored. Iron can be reduced and released from ferritin 
as ferrous iron when needed. When intracellular iron levels become high, iron is thought to be 
converted into an insoluble form called hemosiderin made of deposits of ferritin [22, 70].  
Control of iron metabolism 
Transferrin receptor 2 (TfR2) plays a role in iron signaling [71]. Human homeostatic iron 
regulator (HFE) works with TfR2 to alter hepcidin production [72]. HFE normally interacts with 
TfR1, but when transferrin binds TfR1, HFE is displaced and interacts with TfR2 [73]. This 
13 
 
leads to a signaling cascade that increases hepcidin production [72]. If genetic abnormalities 
exist in HFE, hepcidin levels will be low and hereditary hemochromatosis will result. 
Hemojuvelin (HJV) is another cell surface protein involved in iron metabolism. While its exact 
mechanism is unclear, it is known that genetic abnormalities in the gene for HJV result in 
juvenile hemochromatosis [73].  
Hepcidin is the main iron regulatory hormone and it downregulates iron levels [74, 75]. 
In mice, when hepcidin is absent due to knocking out an upstream transcription factor, mice 
develop iron overload. Many factors can cause a change in hepcidin levels, including iron stores, 
inflammation, and hypoxia, and high iron levels typically upregulate hepcidin [76]. In addition to 
HJV, HFE, and TfR2, interleukin-6 (IL-6), IL-1α, and IL-1β also appear to have a role in 
affecting hepcidin production, with IL-6 being the main method by which inflammation 
increases hepcidin production [76–78] . Hepcidin downregulates iron’s entry into the body from 
mucosal cells by binding to FPN, resulting in its internalization and degradation [79]. Hepcidin 
also downregulates iron release from macrophages and hepatocytes via its effect on FPN [78]. 
Synthesis of proteins involved in iron metabolism is partially regulated post-
transcriptionally. Iron response elements (IRE) are short regions of mRNA that form stem-loops 
in either the 5’ or 3’ untranslated region [80]. Iron response element binding proteins (IRE-BP) 
are proteins that bind to IREs. There are two IRE-BPs, the most abundant being iron regulatory 
protein-1 (IRP-1) [81]. IRP-1 is also cytoplasmic aconitase, which contains a [4Fe-4S] cluster 
when enzymatically active [82, 83]. This can be converted to a [3Fe-4S] cluster and 
disassembled allowing for binding to an IRE in mRNA. 
Transcripts with an IRE located in the 5’ UTR, like those for ferritin, have decreased 
translation when intracellular iron levels are low [84]. When iron levels are low, binding of an 
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IRE-BP to the IRE in the 5’ region of ferritin’s mRNA blocks translation. Transcripts with IREs 
in the 3’ UTR, like those for TfR, have increased translation when intracellular iron levels are 
low [85]. When iron levels are low, IRE-BPs bind to IREs in the 3’ UTR of TfR mRNA, 
increasing its stability and translation [86].  
Measurements of iron deficiency  
Many measurements are used to assess iron deficiency and anemia. Hemoglobin is used 
to diagnose anemia. The World Health Organization defines anemia as hemoglobin <110 g/L for 
children 6–59 months old and pregnant females, <115 g/L for children 5–11 years, < 120 g/L for 
children aged 12–14 years and nonpregnant females ≥15 years, and <130 g/L for males ≥15 
years [87]. Serum ferritin is used to determine the presence of iron deficiency. A small amount of 
ferritin from cells is released into serum and can be used as an indicator of iron stores [88]. 
Serum ferritin is normally between 30 to 300 ng/mL, and serum ferritin < 12 ng/mL is usually 
the cutoff for diagnosing iron deficiency [89]. Iron depletion can still occur with higher ferritin 
levels as ferritin is a positive acute phase protein that increases with inflammation. Mean 
corpuscular volume (MCV) is the average size of red blood cells, and it is calculated by dividing 
hematocrit by RBC concentration. MCV may be a good way to diagnose IDA during early 
pregnancy due to normal lowering of hemoglobin in pregnancy making it difficult to identify 
true low hemoglobin levels [7]. Other measures used to assess iron deficiency and anemia 
include hematocrit, RBC count, mean corpuscular hemoglobin (MCH), mean corpuscular 
hemoglobin concentration (MCHC), transferrin concentration, transferrin saturation, sTfR, zinc 
protoporphyrin (ZPP), and hepcidin.  
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Stages of iron deficiency  
If the amount of iron absorbed does not match the amount of iron lost, iron depletion will 
occur. Iron depletion is usually divided into three stages that are measurable with blood analyses 
[61]. The first stage is iron depletion, where serum ferritin is lowered, which is reflective of 
lowered iron in body cells. The second stage is iron-deficient erythropoiesis, where transferrin 
saturation is decreased and sTfR is increased. The third stage is iron-deficiency anemia, where 
blood hemoglobin, along with hematocrit and MCV, are lowered.  
Iron Functions 
Heme iron enzymes and proteins  
Iron’s primary responsibility in the body is as a cofactor for many enzymes and proteins. 
Both heme and nonheme iron can function as cofactors. Heme proteins have roles in oxygen 
transport, energy metabolism, preventing oxidative damage, inflammation, the immune system, 
and thyroid hormone production [90–92]. The majority of iron in the body is in red blood cells as 
hemoglobin for oxygen transport. Hemoglobin has four subunits, each with one heme, and a 
single hemoglobin protein can bind up to 4 O2 molecules. Myoglobin, an oxygen binding protein 
in muscle, is composed of a single subunit with a single heme molecule and binds to a single O2 
molecule. Heme iron is important for energy metabolism due to its role in complexes III and IV 
of the electron transport chain [90]. Catalase uses heme as a cofactor to convert H2O2 to O2 to 
prevent oxidative damage. Another group of enzymes that use heme as a cofactor are halide 
oxidizers, which are involved in innate immune response and thyroid hormone production [92].  
Nonheme iron enzymes and proteins  
 Nonheme enzymes and proteins can be bound to iron in iron-sulfur (Fe-S) clusters or may 
be bound to just iron. Non Fe-S iron dependent proteins have functions in the immune system, 
16 
 
and DNA, collagen, carnitine, amino acid, and biogenic amine synthesis [93–96]. Fe-S clusters 
are molecular ensembles of iron and sulfide involved in many reactions, particularly reactions 
involving the transfer of electrons. They are involved in energy metabolism and redox reactions. 
Complexes I, II, and III of the electron transport chain and aconitase in the citric acid cycle 
contain Fe-S clusters [90, 97–99]. A class of Fe-S enzymes is ferredoxins. Ferredoxins perform 
redox reactions and are most well known for their roles in photosynthesis and nitrogen fixation. 
Human ferredoxins are involved in steroid hormone formation and are important in cellular iron 
metabolism due to their roles in heme and Fe-S cluster formation [100].  
Iron plays a role in many biological processes including energy metabolism, immune 
function, and hormone and neurotransmitter synthesis. This explains the many negative 
consequences of iron deficiency including fatigue, impaired immune response, and, in children, 
iron deficiency can negatively affect brain development. 
Interventions  
There are four approaches to ameliorate dietary iron deficiency and IDA: iron 
supplementation, increased dietary diversity, biofortification, and iron fortification [101].  
Iron supplementation and home fortification  
Supplementation allows for a targeted approach to iron deficiency, but the most effective 
iron supplements, like FeSO4, can have significant GI side effects including diarrhea, 
constipation, and changes in stool color, which may lessen compliance. The WHO recommends 
10–12.5 mg iron be given to children daily in the form of a drop or syrup in areas where iron 
deficiency is common [102]. Daily iron supplementation during pregnancy is effective at 
reducing the risk of iron deficiency, but the benefits of widespread supplementation depend on 
the population [103].  
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Micronutrient powders (MNP) are similar to supplements but are added directly to foods. 
MNPs allow for the prevention of micronutrient deficiencies in targeted groups, and because 
they can be added to many foods, are able to be used in traditional diets [104]. MNP products 
include Sprinkles, which contains 12.5 mg iron as microencapsulated FeFum along with other 
nutrients including 30 mg vitamin C, and MixMe, which contains 10 mg Fe per 1 g sachet as 
NaFeEDTA along with vitamin C and phytase. However, MNPs have been shown to produce GI 
side effects like diarrhea and promote GI inflammation [105]. MNPs may also have a negative 
effect on the microbiome. Pathogenic bacteria like Salmonella and E. coli, require iron for 
virulence, while bacteria thought to be beneficial, like Bifidobacteria and Lactobacilli require 
little or no iron [106].  
Improved dietary diversity  
Increasing availability and consumption of fruits (high in vitamin C), vegetables (high in 
vitamin C and iron), and meat (high in bioavailable iron) should be the main long-term strategy 
for decreasing global iron deficiency. However, dietary diversity as an approach is difficult, 
especially in developing countries, due to high costs and low supply of iron rich foods [101]. In 
addition, dietary diversity alone will not be enough to prevent iron deficiency in all situations. 
For example, during pregnancy it is very difficult to meet iron needs without supplementation 
and fortified foods [107, 108].  
Biofortification  
Biofortification is increasing the vitamin or mineral content of a food through plant 
breeding, biotechnology, or agricultural practices [109]. Iron biofortified foods exist but are not 
currently available for widespread introduction into the food supply. Common beans (Phaseolus 
vulgaris) bred with traditional breeding techniques to be high in iron have been the subject of 
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much of the current research into iron biofortified foods. In one study, women who were fed iron 
biofortified beans for 128 days consumed an average of 5.9 mg additional iron per day and had 
significantly greater increases in hemoglobin compared to women fed non-biofortified beans 
[110]. Additionally, the women who consumed biofortified beans had greater improvements in 
tests of cognitive performance compared to women fed non-biofortified beans [111].  
Iron fortification  
Fortificants vary in cost, bioavailability, and in the organoleptic changes they cause to 
foods, with more bioavailable fortificants generally producing more unwanted organoleptic 
changes. Choice of vehicle used in a fortification program is important because of iron’s 
reactivity and potential for toxicity. Common vehicles for iron fortification include refined wheat 
flour, whole wheat flour, corn flour, rice, breakfast cereals, breads, pasta, and infant cereals and 
formulas. Legislation in 83 countries mandates fortification of wheat flour alone or in 
combination with maize flour or rice [112]. Maize flour fortification is required in 16 countries, 
all of which also require wheat fortification. Fortification of rice is only required in 7 countries. 
Other vehicles for fortification include salt, beverage powders like Nestle’s Milo and Nesquik, 
spice and curry powders, bouillon, sauces, and sugar.  
The amount of iron added to a food also matters to ensure effectiveness without risking 
toxicity and organoleptic changes. The amount of iron added varies by region, vehicle, and 
fortificant. In the case of refined wheat flour, the amount of iron added is usually set at the 
amount needed to restore iron levels to preprocessing levels [113, 114]. Unfortified refined 
wheat flour contains around 10 mg Fe/kg flour, while whole wheat flour contains 40 mg Fe/kg. 
In general, fortification of refined wheat flour adds iron to return the iron level back to 40 mg 
Fe/kg [115, 116]. In more specific guidelines, the amount of iron added to flour depends on the 
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fortificant being used and the average flour availability per person in that region [117]. Thirty mg 
Fe/kg as ferrous sulfate (FeSO4) is recommended for both refined and whole wheat flour, and 45 
mg Fe/kg is recommended for countries with low wheat flour intake (<200 g per person per day) 
[114]. For example, Brazil requires the addition of at least 4.2 mg of iron (42 mg Fe/kg) and 150 
µg of folic acid to each 100 g industrialized wheat and maize flour [118]. Overall, recommended 
levels of added iron vary but are generally 15–60 mg Fe/kg [117]. One of the highest levels of 
iron fortification was 6.5 mg iron per 100 g flour (65 mg Fe/kg), which was in Sweden until its 
fortification program was withdrawn in 1995 due to improved dietary habits, contraceptive use, 
and concerns about fortification’s effect on those with hemochromatosis [119]. 
Ferrous fortificants  
FeSO4 is water soluble, has a high bioavailability, and is considered the gold standard for 
bioavailability [120]. It is more commonly used for supplementation than for fortification. 
Because it is water soluble, FeSO4 is reactive and can cause foods to turn gray, green, or blue 
[121]. Because FeSO4 promotes fat oxidation and rancidity, it can only be used to fortify foods 
with a short shelf-life, like baked goods. It also may contribute to a metallic taste. FeSO4 is also 
used to fortify pasta and infant formulas [122].  
FeFum is poorly water soluble and soluble in dilute acid [120]. Despite being less 
soluble, it is believed to be as bioavailable as FeSO4. However, if gastric acid is insufficient, as 
in infants, absorption of iron from FeFum may be reduced. Because FeFum is insoluble in water 
it can cause fewer organoleptic problems [123]. FeFum is used in supplements and infant 
formulas, and is used to fortify maize flour in Venezuela, and wheat flour in Central America 
[120].  
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Other ferrous fortificants include ferrous citrate (FeCit), ferrous bisglycinate, ferrous 
gluconate, ferrous lactate, ferrous succinate, ferrous ammonium sulfate, and ferrous tartrate. 
FeCit, is poorly water soluble and soluble in dilute acid [124]. While this is the same 
classification as FeFum, in our experience, FeCit appears to be more soluble than FeFum in 
water and dilute acid. Iron from FeCit is believed to be absorbed relatively well (74% that of 
FeSO4), but FeCit is not commonly used and not as well studied [120, 124]. Ferrous bisglycinate 
is water soluble and used in some infant formulas and supplements [120]. It is more bioavailable 
than FeSO4, but it has a high cost, causes color changes, and promotes fat oxidation in cereal 
flour [120, 124]. Ferrous gluconate is water soluble and has similar bioavailability as FeSO4 but 
is more expensive [120]. It is used in Mexico because it causes fewer sensory problems, but it 
still has high potential for organoleptic problems [122, 125].  
Ferric fortificants  
Ferric pyrophosphate (FePP) is water insoluble, poorly soluble in dilute acid. Iron from 
FePP has a low bioavailability and is absorbed 25–75% as well as FeSO4 [120]. FePP has a low 
potential for promoting oxidation and organoleptic changes when added to flour [121]. It is 
commonly used to fortify rice, and rice fortified with FePP is well accepted by consumers [120, 
126]. FePP has also been used in Europe to fortify infant cereals and chocolate drink powder 
[122]. Micronizing to decrease particle size may increase bioavailability, and this product is used 
in some dairy products in Japan [120].  
Sodium ferric EDTA (NaFeEDTA) is water soluble, but despite that, it does not appear to 
promote lipid oxidation in foods, though it may still cause color changes [120, 124]. NaFeEDTA 
is significantly more expensive than other fortificants like FeSO4. The main benefit of 
NaFeEDTA is that it is able to overcome the challenges of fortifying foods high in phytate. In 
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low phytate foods, iron from NaFeEDTA is absorbed as well as iron from FeSO4, but in high 
phytate foods, iron from NaFeEDTA is absorbed 2–3 times better than iron from FeSO4 [122]. 
This is believed to be because EDTA stays bound to iron in the digestive tract and protects it 
from binding to phytate and other inhibitors [127]. Research looking at NaFeEDTA fortified 
curry powders has shown success with significant reductions in anemia and increases in 
hemoglobin and ferritin in females who received fortified curry powder [128].  
 Other ferric fortificants include ferric citrate, ferric ammonium citrate, ferric saccharate, 
ferric choline citrate, ferric orthophosphate, and ferric glycerophosphate. Ferric ammonium 
citrate is used less commonly, but it has been used in the UK for fortification of wheat flour. 
Early research showed absorption of iron from ferric ammonium citrate in bread is low, being 
similar to that of reduced iron [129]. Other early research showed that when baked into chapati 
(unleavened flat-bread) only around 2% of iron from ferric ammonium citrate was absorbed 
[130]. Ferric saccharate is poorly water soluble, soluble in dilute acid, is as bioavailable as 
FeSO4, and has been used to fortify chocolate drink powders [120]. Ferric orthophosphate, like 
ferric pyrophosphate, is water insoluble and poorly soluble in acid [120]. Iron from ferric 
orthophosphate has 25–32% the absorption of iron from FeSO4. Ferric glycerophosphate is a 
newer fortification product. Bioavailability and safety of ferric glycerophosphate is not well 
understood [131]. It appears to have good bioavailability in rats, with 93% the absorption of 
FeSO4, however ferric glycerophosphate is 10 times as expensive as FeSO4 [122]. 
Elemental iron fortificants  
There are 5 types of elemental fortificants produced via different manufacturing 
processes [124]. They have varying particle sizes and densities, which affects their 
bioavailability. In general, elemental iron fortificants have a low bioavailability. The WHO 
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recommends doubling the amount of iron added to fortified foods if using an elemental 
fortificant to compensate for lower bioavailability [120]. Elemental fortificants are usually 
inexpensive and they are relatively unreactive in foods due to low solubility. The five elemental 
fortificants are carbonyl iron, hydrogen-reduced iron, atomized iron, carbon monoxide reduced 
iron, and electrolytic iron. Electrolytic iron has the highest bioavailability, and hydrogen-reduced 
iron can also have a high bioavailability when it’s processed to have a very small particle size. 
Atomized and carbon monoxide reduced iron have very low bioavailability (12–32% that of 
FeSO4) and are not generally recommended for fortification. The bioavailability of carbonyl-iron 
is not well understood but it could be absorbed as well as electrolytic iron. Electrolytic iron is 
used in infant cereals in the U.S. and used in Nesquik chocolate beverage powder and in Milo 
powder.  
Encapsulated fortificants 
Coating iron fortificants is done to physically separate iron from food components to 
prevent iron from causing organoleptic changes to the food it is added to [120]. Coatings are 
made primarily of hydrogenated vegetable oil, but mono- and diglycerides, maltodextrins, and 
ethyl cellulose can also be used. Encapsulating iron fortificants increases the cost by 10 times, 
and it is important to balance the stability of encapsulation while maintaining iron 
bioavailability. FeSO4 and FeFum are most commonly encapsulated and can be as bioavailable 
as their unencapsulated counterparts when encapsulated.  
Heme and organic fortificants  
Heme iron and hemoglobin have been suggested as fortificants due to heme iron’s high 
bioavailability, but due to their strong color, there are few vehicles that they would be acceptable 
in. When heme iron was used to fortify foods, it resulted in lipid oxidation like many nonheme 
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fortificants [132]. Despite these challenges, biscuits fortified with heme iron have been shown to 
be equally as effective as biscuits fortified with FeSO4 in increasing hemoglobin in preschool 
aged children when fed for 10 weeks [133]. Additionally, chocolate flavored biscuits fortified 
with heme have been reported to be well accepted by adolescent girls and were effective at 
raising hemoglobin when fed for 13 weeks [134]. Heme as a food additive and fortificant has 
gained new interest due to its use in plant-based meat replacements like those made by 
Impossible Foods. Instead of bovine or porcine based heme iron concentrate, Impossible Foods 
has genetically modified yeast to produce heme using the genes for soy leghemoglobin [135]. 
However, research still needs to be done to assess the iron bioavailability from Impossible 
Foods’ products. 
 Other alternative iron supplements include those produced by growing fungi or other 
organisms in iron rich media and processing the fungi to produce an iron rich powder. A 
radioisotope study in which Aspergillus oryzae was grown with FeSO4 and processed into a 
powder showed that, in females of reproductive age, the iron from the A. oryzae product could be 
absorbed as well as iron from FeSO4 [136]. Other research has shown that this same product in 
supplement form produces fewer gastrointestinal side effects, less non-transferrin bound iron, 
and potentially less oxidative stress than a conventional FeSO4 supplement [137]. 
Methods to improve iron absorption  
 In addition to fortification, foods can be altered to improve iron bioavailability. Adding 
ASC and sodium EDTA to foods can improve iron bioavailability [120]. Additionally, removing 
phytate through milling, soaking, sprouting, and fermenting can also increase iron bioavailability 
if phytate is reduced to less than a 1:1 molar ratio with iron.  
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Existing methods for identification and quantification of iron fortificants  
The American Association of Cereal Chemist’s method 40-40 uses potassium thiocyanate 
(KSCN), along with 2 N hydrochloric acid (HCl) to identify ferric iron present in flour samples 
[138]. The method also suggests using dilute hydrogen peroxide, which will oxidize ferrous iron 
to ferric iron, to identify ferrous iron. While this method can identify oxidation state, it cannot 
identify specific fortificants by their solubility. This method is, however, useful for assessing 
uniformity of mixing as all added iron will appear as specks within the flour sample. 
Additionally, other methods that utilize potassium ferricyanide in conjunction with a magnet are 
able to identify FeSO4, FeFum NaFeEDTA, and elemental iron [139]. 
Many methods exist for quantification. For example, atomic absorption spectroscopy and 
Inductively coupled plasma atomic emission spectroscopy are very sensitive but expensive. 
Devices like handheld photometers are less expensive than normal photometers and can be easily 
transported. The iCheck photometer from Bioanalyt, for example, uses bathophenanthroline to 
quantify iron levels. However, handheld photometers can still be too costly for use by agencies 
overseeing fortification programs in developing countries. 
An alternative to photometers is smartphone applications that use the phone’s camera to 
measure color intensity using an iron chromogen to quantify iron levels. Waller et al. recently 
developed a method that uses ferrozine to quantify FeFum and FeSO4 in wheat flour, corn flour, 
and infant formula [140]. 
Conclusions 
This literature review illustrates how iron deficiency is a significant global health 
problem with many challenges and no single path forward. Iron is an essential nutrient with 
many functions in the body and its metabolism in the body is highly regulated. Iron fortification, 
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supplementation, biofortification, and improved dietary diversity are all potential strategies to 
lessen the global burden of IDA each with advantages and disadvantages. Iron fortification can 
only be effective if there is adequate oversight ensuring that appropriate iron compounds are 
being used and that iron is added in appropriate amounts. Available methods to identify and 
quantify iron in flour are time consuming or require expensive analytical equipment and there is 
a need for inexpensive, rapid, and reliable methods to identify and quantify iron added to flour.  
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epithelial cells absorb soybean ferritin by μ2 (AP2)-dependent endocytosis. J Nutr 2008, 138, 
659–666.  
 
48. Kalgaonkar, S.; Lönnerdal, B. Receptor-mediated uptake of ferritin-bound iron by human 
intestinal Caco-2 cells, J Nutr Biochem 2009, 20, 304–311.  
 
49. Scheers, N. Regulatory effects of Cu, Zn, and Ca on Fe absorption: the intricate play between 
nutrient transporters. Nutrients 2013, 5, 957–970. 
 
50. Martínez-Torres, C.; Romano, E.; Layrisse, M. Effect of cysteine on iron absorption in man. 
Am J Clin Nutr 1981, 34, 322–327.  
 
51. Groper, S.S.; Smith, J.L.; Groff, J.L. Microminerals. In Advanced Nutrition and Human 
Metabolism, 5th ed.; Adams, P., Lustig, A., Feldman, E., Eds.; Wadsworth Cengage 
Learning: Belmont, CA, USA, 2008; pp. 469–536.  
 
52. Whitfield, J.B.; Zhu, G.; Heath, A.C.; Powell, L.W.; Martin, N.G. Effects of alcohol 
consumption on indices of iron stores and of iron stores on alcohol intake markers. Alcohol 
Clin Exp Res 2001. 25, 1037–1045.  
 
53. Conrad, M.E.; Schade, S.G. Ascorbic acid chelates in iron absorption: a role for hydrochloric 
acid and bile. Gastroenterology 1968, 55, 35–45.  
 
54. Zhang, D.; Carpenter, C.E.; Mahoney, A.W. A mechanistic hypothesis for meat enhancement 
of nonheme iron absorption: stimulation of gastric secretions and iron chelation. Nutr Res 
1990, 10, 929–935.  
 
55.  Hurrell R.; Egli, I. Iron bioavailability and dietary reference values. Am J Clin Nutr 2010, 
91, 1461S–1467S.  
30 
 
56. Hurrell, R.F.; Juillerat, M.A.; Reddy, M.B.; Lynch, S.R.; Dassenko, S.A.; Cook, J.D. Soy 
protein, phytate, and iron absorption in humans. Am J Clin Nutr 1992, 56, 573–578.  
 
57. Haros, M.; Carlsson, N.G.; Almgren, A.; Larsson-Alminger, M.; Sandberg, A.S.; Andlid, T. 
Phytate degradation by human gut isolated Bifidobacterium pseudocatenulatum ATCC27919 
and its probiotic potential. Int J Food Microbiol 2009, 135, 7–14.  
 
58. Shamsuddin, A.M. Inositol phosphates have novel anticancer function. J Nutr 1995, 125, 
725S–732S.  
 
59. Schlemmer, U.; Frølich, W.; Prieto, R.M.; Grases, F. Phytate in foods and significance for 
humans: food sources, intake, processing, bioavailability, protective role and analysis. Mol 
Nutr Food Res 2009, 53, S330–S375.  
 
60. Graf, E.; Empson, K.L.; Eaton, J.W. Phytic acid: a natural antioxidant. J Biol Chem 1987, 
262, 11647–11650.  
 
61. Heuberger, R.A.; Sucher, K. Diseases of the hematological system. In Nutrition Therapy and 
Pathophysiology, 3rd ed. Finch, M., Cossio, Y., Williams, P., Eds.; Cengage Learning: 
Boston, MA, USA, 2016; pp. 562–595.  
 
62. Umbreit, J.N.; Conrad, M.E.; Moore, E.G.; Latour, L.F. Iron absorption and cellular 
transport: the mobilferrin/paraferritin paradigm. Semin Hematol 1998, 35, 13–26.  
 
63. Ward, D.; Kaplan, K. Ferroportin-mediated iron transport: expression and regulation. BBA-
Mol Cell Res 2012, 1823, 1426–1433.  
 
64. Petrak, J.; Vyoral, D. Hephaestin—a ferroxidase of cellular iron export. Int J Biochem Cell 
Biol 2005, 37, 1173–1178.  
 
65. Dunn, L.L.; Rahmanto, Y.S.; Richardson, D.R. Iron uptake and metabolism in the new 
millennium. Trends Cell Biol 2006, 17, 93–100.  
 
66. Gomme, P.T.; McCann, K.B.; Bertolini, J. Transferrin: structure, function and potential 
therapeutic actions. Drug Discov Today 2005, 10, 267–273.  
 
67. Daniels, T.R.; Delgado, T.; Rodriguez J.A.; Helguera, G.; Penichet, M.L. The transferrin 
receptor part I: biology and targeting with cytotoxic antibodies for the treatment of cancer. 
Clin Immunol 2006, 121, 144–158.  
 
31 
 
68. Skikne, B.S. Serum transferrin receptor. Am J Hematol 2008, 83, 872–875.  
 
69. Theil, E.C. Ferritin protein nanocages—the story. Nanotechnol Percept 2012, 8, 7–16.  
 
70. Richter, G.W. Electron microscopy of hemosiderin: presence of ferritin and occurrence of 
crystalline lattices in hemosiderin deposits. J Biophys Biochem Cy 1958, 4, 55–58. 
 
71. Deaglio, S.; Capobianco, A.; Calì, A.; Bellora, F.; Alberti, F.; Righi, L.; Sapino, A.; 
Camaschella, C.; Malavasi, F. Structural, functional, and tissue distribution analysis of 
human transferrin receptor-2 by murine monoclonal antibodies and a polyclonal antiserum. 
Blood 2002, 100, 3782–3789.  
 
72. Goswami, T.; Andrews, N.C. Hereditary hemochromatosis protein, HFE, interaction with 
transferrin receptor 2 suggests a molecular mechanism for mammalian iron sensing. J Biol 
Chem 2006, 281, 28494–28498. 
 
73. Lin, L.; Goldberg, Y.P.; Ganz, T. Competitive regulation of hepcidin mRNA by soluble and 
cell-associated hemojuvelin. Blood 2005, 106, 2884–2889.  
 
74. Rossi, E. Hepcidin—the iron regulatory hormone. Clin Biochem Rev 2005, 26, 47–49. 
 
75. Nicolas, G.; Bennoun, M.; Devaux, I.; Beaumont, C.; Grandchamp, B.; Kahn, A.; Vaulont, S. 
Lack of hepcidin gene expression and severe tissue iron overload in upstream stimulatory 
factor 2 (USF2) knockout mice. P Natl Acad Sci USA 2001, 98, 8780–8785. 
 
76. Zhao, N.; Zhang, A.S.; Enns, C.A. Iron regulation by hepcidin. J Clin Invest 2013, 123, 
2337–2343.  
 
77. Lee, P.; Peng, H.; Gelbart, T.; Wang, L.; Beutler, E. Regulation of hepcidin transcription by 
interleukin-1 and interleukin-6. P Natl Acad Sci USA 2005, 102, 1906–1910.  
 
78. Ganz, T.; Nemeth, E. Hepcidin and iron homeostasis. BBA-Mol Cell Res 2012, 1823, 1434–
1443.  
 
79. Nemeth, E.; Tuttle, M.S.; Powelson, J.; Vaughn, M.B.; Donovan, A.; Ward, D.M.; Ganz, T.; 
Kaplan, J. Hepcidin regulates cellular iron efflux by binding to ferroportin and inducing its 
internalization. Science 2004, 306, 2090–2093.  
 
80. Weaver, R.F. Posttranscriptional events III: other events. In Molecular Biology, 2nd ed.; 
Fornango, J.S., Ed.; McGraw-Hill: New York, NY, USA, 2002; pp. 497–527. 
32 
 
81. Hentze, M.W.; Kühn, L.C. Molecular control of vertebrate iron metabolism: mRNA-based 
regulatory circuits operated by iron, nitric oxide, and oxidative stress. Proc Natl Acad Sci 
USA 1996, 93, 8175–8182.  
 
82. Walden, W.E.; Selezneva, A.I.; Dupuy, J.; Volbeda, A.; Fontecilla-Camps, J.C.; Theil, E.C.; 
Volz, K. Structure of dual function iron regulatory protein 1 complexed with ferritin IRE-
RNA. Science 2006, 314, 1903–1908.  
 
83.  Klausner, R.D.; Rouault, T.A. A double life: cytosolic aconitase as a regulatory RNA 
binding protein. Mol Biol Cell 1993, 4, 1–5.  
 
84. Caughman, S.W.; Hentze, M.W.; Rouault, T.A.; Harford, J.B.; Klausner, R.D. The iron-
responsive element is the single element responsible for iron-dependent translational 
regulation of ferritin biosynthesis. J Biol Chem 1988, 263, 19048–19052.  
 
85. Casey, J.L.; Koeller, D.M.; Ramin, V.C.; Klausner, R.D.; Harford, J.B. Iron regulation of 
transferrin receptor mRNA levels requires iron-responsive elements and a rapid turnover 
determinant in the 3' untranslated region of the mRNA. EMBO J 1989, 8, 3693–3699.  
 
86. Mullner, E.W.; Kühn, L.C. A stem-loop in the 3' untranslated region mediates iron-
dependent regulation of transferrin receptor mRNA stability in the cytoplasm. Cell 1988, 53, 
815–825.  
 
87. World Health Organization. Haemoglobin concentrations for the diagnosis of anaemia and 
assessment of severity; Vitamin and Mineral Nutrition Information System: Geneva, 
Switzerland, 2011.  
 
88. Andrews, N.C. Forging a field: the golden age of iron biology. Blood 2008, 112, 219–230. 
 
89. Braunstein, E.M. Iron deficiency anemia. Merck Manual Professional Version. Available 
online: https://www.merckmanuals.com/professional/hematology-and-oncology/anemias-
caused-by-deficient-erythropoiesis/iron-deficiency-anemia (accessed on 21 April 2020).  
 
90. Tymoczko, J.L.; Berg, J.M.; Stryer, L. The electron transport chain. In Biochemistry: A Short 
Course, 2nd ed.; W.H. Freeman and Company: New York, NY, USA, 2013; pp. 349–366.  
 
91. Haider, A.; Olszanecki, R.; Gryglewski, R.; Schwartzman, M.L.; Lianos, E.; Kappas, A.; 
Nasjletti, A.; Abraham, N.G. Regulation of cyclooxygenase by the heme-heme oxygenase 
system in microvessel endothelial cells. J Pharmacol Exp Ther 2002, 300, 188–194.  
 
33 
 
92. Sharma, S.; Singh, A.K.; Kaushik, S.; Sinha, M.; Singh, R.P.; Sharma, P.; Sirohi, H.; Kaur, 
P.; Singh, T.P. Lactoperoxidase: structural insights into the function, ligand binding and 
inhibition. Int J Biochem Mol Biol 2013, 4, 108–128.  
 
93. Levay, P.F.; Viljoen, M. Lactoferrin: a general review. Haematologica 1995, 80, 252–267.  
 
94. Cooper, C.E.; Lynagh, G.R.; Hoyes, K.P.; Hider, R.C.; Cammack, R.; Porter, J.B. The 
relationship of intracellular iron chelation to the inhibition and regeneration of human 
ribonucleotide reductase. J Biol Chem 1996, 271, 20291–20299.  
 
95. Cammack, R.; Wrigglesworth, J.M.; Baum, H. Iron-dependent enzymes in mammalian 
systems. In Iron Transport and Storage; Ponka, P., Schulman, R.D., Woodworth, R.D., Eds.; 
CRC Press: Boca Raton, FL, USA, 1990; pp. 17–39.  
 
96. Vaz, F.M.; Ofman, R.; Westinga, K.; Back, J.W.; Wanders, R.J.A. Molecular and 
biochemical characterization of rat ϵ-N-trimethyllysine hydroxylase, the first enzyme of 
carnitine biosynthesis. J Biol Chem 2001, 276, 33512–33517.  
 
97. Sazanov, L.A. A giant molecular proton pump: structure and mechanism of respiratory 
complex I. Nar Rev Mol Cell Biol 2015, 16, 375–388.  
 
98.  Cecchini, G. Function and structure of complex II of the respiratory chain. Annu Rev 
Biochem 2003, 72, 77–109.  
 
99.  Robbins, A.H.; Stout, C.D. Structure of activated aconitase: formation of the [4Fe-4S] 
cluster in the crystal. Proc Natl Acad Sci USA 1989, 86, 3639–3643.  
 
100. Shi, Y.; Ghosh, M.; Kovtunovych, G.; Crooks, D.R.; Rouault, T.A. Both human ferredoxins 
1 and 2 and ferredoxin reductase are important for iron-sulfur cluster biogenesis. Biochim 
Biophys Acta 2012, 1823, 484–492.  
 
101. Hurrell, R.F. Influence of inflammatory disorders and infection on iron absorption and 
efficacy of iron-fortified foods. In Meeting Micronutrient Requirements for Health and 
Development; Bhutta, Z., Hurrell, R.F., Rosenberg, I.H., Eds.; Karger: Basel, Switzerland, 
2012; Nestlé Nutrition Institute Workshop Series Vol. 70, pp. 107–116. 
 
102. World Health Organization. e-Library of Evidence for Nutrition Actions. Daily iron 
supplementation in children 6-23 months of age. Available online: 
https://www.who.int/elena/titles/guidance_summaries/iron_children/en/ (accessed on 12 
March 2020).  
34 
 
103. Peña‐Rosas, J.P.; De‐Regil, L.M.; Garcia‐Casal, M.N.; Dowswell, T. Daily oral iron 
supplementation during pregnancy. Cochrane DB Syst Rev 2015.  
 
104. Paganini, D.; Uyoga, M.A.; Zimmermann, M.B. Iron fortification of foods for infants and 
children in low-income countries: effects on the gut microbiome, gut inflammation, and 
diarrhea. Nutrients 2016, 8, 494.  
 
105. Jaeggi, T.; Kortman, G.A.; Moretti, D.; Chassard, C.; Holding, P.; Dostal, A.; Boekhorst, J.; 
Timmerman, H.M.; Swinkels, D.W.; Tjalsma, H.; Njenga, J.; Mwangi, A.; Kvalsvig, J.; 
Lacroix, C.; Zimmermann, M.B. Iron fortification adversely affects the gut microbiome, 
increases pathogen abundance and induces intestinal inflammation in Kenyan infants. Gut 
2015, 64, 731–742.  
 
106. Paganini, D.; Zimmermann, M.B. The effects of iron fortification and supplementation on 
the gut microbiome and diarrhea in infants and children: a review. Am J Clin Nutr 2017, 10, 
1688S–1693S.  
 
107. Institute of Medicine (US) Committee on Nutritional Status During Pregnancy and 
Lactation. Iron nutrition during pregnancy. In Nutrition During Pregnancy, Part 1: Weight 
Gain, Part 2: Nutrient Supplements; National Academies Press: Washington, DC, USA, 
1990; pp. 272–298.  
 
108. Bothwell, T.B. Iron requirements in pregnancy and strategies to meet them. Am J Clin Nutr 
2000, 72, 257S–264S.  
 
109. World Health Organization. e-Library of Evidence for Nutrition Actions. Biofortification of 
staple crops. Available online: https://www.who.int/elena/titles/biofortification/en/ (accessed 
on 31 March 2020). 
 
110. Haas, J.D.; Luna, S.V.; Lung'aho, M.G.; Wenger, M.J.; Murray-Kolb, L.E.; Beebe, S.; 
Gahutu, J.B.; Egli, I.M. Consuming iron biofortified beans increases iron status in Rwandan 
women after 128 days in a randomized controlled feeding trial. J Nutr 2016, 146, 1586–
1592.  
 
111. Murray-Kolb, L.E.; Wenger, M.J.; Scott, S.P.; Rhoten, S.E; Lung'aho, M.G.; Haas, J.D. 
Consumption of iron-biofortified beans positively affects cognitive performance in 18- to 
27-year-old Rwandan female college students in an 18-week randomized controlled efficacy 
trial. J Nutr 2017, 147, 2109–2117.  
 
35 
 
112. Food Fortification Initiative. Global Progress of Industrially Milled Cereal Grain 
Fortification. Available online: http://www.ffinetwork.org/global_progress/ (accessed on 31 
March 2020).  
 
113. Mora, J.O.; Boy, E.; Lutter, C.; Grajeda, R. Anemia in Latin America and the Caribbean, 
2009: situation analysis, trends, and implications for public health programming; Pan 
American Health Organization: Washington, DC, USA, 2010.  
 
114. Hurrell, R.; Ranum, P.; de Pee, S.; Biebinger, R.; Hulthen, L.; Johnson, Q.; Lynch, S. 
Revised recommendations for iron fortification of wheat flour and an evaluation of the 
expected impact of current national wheat flour fortification programs. Food Nutr Bull 2010, 
31, S7–S21.  
 
115. United States Department of Agriculture. FoodData Central. Available online: 
https://fdc.nal.usda.gov/fdc-app.html#/food-details/169761/nutrients (accessed on 2 April 
2020). 
 
116. United States Department of Agriculture. FoodData Central. Available online: 
https://fdc.nal.usda.gov/fdc-app.html#/food-details/790085/nutrients (accessed on 2 April 
2020). 
 
117. WHO, FAO, UNICEF, GAIN, MI, & FFI. Recommendations on wheat and maize flour 
fortification. Meeting Report: Interim Consensus Statement; World Health Organization: 
Geneva, Switzerland, 2009.  
 
118. Martins, J.M. Universal iron fortification of foods: the view of a hematologist. Rev Bras 
Hematol Hemoter 2012, 34, 459–463.  
 
119. Olsson, K.S.; Väisänen, M.; Konar, J.; Bruce, Ǻ. The effect of withdrawal of food iron 
fortification in Sweden as studied with phlebotomy in subjects with genetic 
hemochromatosis. Eur J Clin Nutr 1997, 51, 782–786.  
 
120. World Health Organization. Guidelines on food fortification with micronutrients; Allen, L., 
de Benoist, B., Dary, O., Hurrell, R., Eds.; WHO Press: Geneva, Switzerland, 2006. 
 
121. Hurrell, R.F. Preventing iron deficiency through food fortification. Nutr Rev 1997, 55, 210–
222.  
 
122. Hurrell, R.F. Fortification: overcoming technical and practical barriers. J Nutr 2002, 132, 
806S–812S.  
36 
 
123. Hurrell, R.F.; Furniss, D.E.; Burri, J.; Whittaker, P.; Lynch, S.R.; Cook, J.D. Iron 
fortification of infant cereals: a proposal for the use of ferrous fumarate or ferrous succinate. 
Am J Clin Nutr 1989, 49, 1274–1282.  
 
124. Hurrell, R.F. How to ensure adequate iron absorption from iron-fortified food. Nutr Rev 
2002, 60, S7–S15. 
 
125. Shamah-Levy, T.; Villalpando, S.; Rivera-Dommarco, J.A.; Mundo-Rosas, V.; Cuevas-
Nasu, L.; Jiménez-Aguilar, A. Ferrous gluconate and ferrous sulfate added to a 
complementary food distributed by the Mexican nutrition program Oportunidades have a 
comparable efficacy to reduce iron deficiency in toddlers. J Pediatr Gastr Nutr 2008, 47, 
660–666.  
 
126. Beinner, M.A.; Soares, A.D.N.; Barros, A.L.A.; Monteiro, M.A.M. Sensory evaluation of 
rice fortified with iron. Food Sci Tech-Brazil 2010, 30, 516–519.  
 
127. Lynch, S. Food iron absorption and its importance for the design of food fortification 
strategies. Nutr Rev 2002, 60, S3–S6.  
 
128. Ballot, D.E.; MacPhail, A.P.; Bothwell, T.H.; Gillooly, M.; Mayet, F.G. Fortification of 
curry powder with NaFe(III)EDTA in an iron-deficient population: report of a controlled 
iron-fortification trial. Am J Clin Nutr 1989, 49, 162–169.  
 
129. Callender, S.T.; Warner, G.T. Iron absorption from bread. Am J Clin Nutr 1968, 21, 1170–
1174.  
 
130. Elwood, P.C.; Benjamin, I.T.; Fry, F.A.; Eakins, J.D.; Brown, D.A.; De Kock, P.C.; Shah, 
J.U. Absorption of iron from chapatti made from wheat flour. Am J Clin Nutr 1970, 23, 
1267–1271.  
 
131. European Food Safety Authority. Scientific statement of the Panel on Food Additive and 
Nutrient Sources added to Food: Inability to assess the safety of iron glycerophosphate 
added for nutritional purposes as a source of iron in food supplements and the bioavailability 
of iron from this source, based on the supporting dossier. EFSA J 2009, 1078, 1–5. 
 
132. Asenjo, J.A.; Amar, M.; Cartagena, N.; King, J.; Hiche, E.; Stekel, A. Use of bovine heme 
iron concentrate in the fortification of biscuits. J Food Sci 1985, 50, 795–799.  
 
 
37 
 
133. Quintero-Gutiérrez, A.G.; González-Rosendo, G.; Pozo, J.P.; Villanueva-Sánchez, J. Heme 
iron concentrate and iron sulfate added to chocolate biscuits: effects on hematological 
indices of Mexican schoolchildren. J Am Coll Nutr 2016, 35, 544–551.  
 
134. Quintero-Gutiérrez, A.G.; Mariaca-Gaspar, G.I.; Villanueva-Sánchez, J.; Polo, J.; 
Rodríguez, C.; González-Rosendo, G. Acceptability and use of heme-iron concentrate 
product added to chocolate biscuit filling as an alternative source of a highly available form 
of iron. CyTA-J Food 2012, 10, 112–118.  
 
135. Impossible Foods. Available online: https://impossiblefoods.com/heme/ (accessed on 31 
March 2020).  
 
136. Reddy, M.B.; Armah, S.M.; Stewart, J.W.; O’Brien, K.O. Iron absorption from iron-
enriched Aspergillus oryzae is similar to ferrous sulfate in healthy female subjects. Curr Dev 
Nutr 2018, 2, nzy004.  
 
137. Bries, A.E.; Wang, C.; Agbemafle, I.; Wels, B.; Reddy, M.B. Assessment of acute serum 
iron, non-transferrin-bound iron, and gastrointestinal symptoms with 3-week consumption of 
iron-enriched Aspergillus oryzae compared with ferrous sulfate. Curr Dev Nutr 2019, 3, 
nzz127.  
 
138. American Association of Cereal Chemists. AACC method 40-40: iron—qualitative method. 
In Cereal Laboratory Methods, 7th ed.; American Association of Cereal Chemists, Inc: St. 
Paul, MN, USA, 1962. 
 
139. Guamuch, M.; Makhumula, P.; Dary, O. Procedures for determining iron flour. In Manual 
of Laboratory Methods for Fortified Foods, 1st ed.; East, Central and Southern Health 
Community: Arusha, Tanzania, 2007; pp. 7–16. 
 
140. Waller, A.W.; Toc, M.; Rigsby, D.J.; Gaytán-Martínez, M.; Andrade, J.E. Development of a 
paper-based sensor compatible with a mobile phone for the detection of common iron 
formulas used in fortified foods within resource-limited settings. Nutrients 2019, 11, 1673.  
 
 
 
38 
 
CHAPTER 3. RAPID AND RELIABLE METHOD FOR QUALITATIVE AND 
QUANTITATIVE ASSESSMENT OF IRON FORTIFICANTS USED FOR FLOUR 
FORTIFICATION 
Modified from a manuscript prepared to be submitted to the journal Nutrients 
 
Nicole Hanson1, Isaac Agbemafle1, Manpreet Chadha2, Manju B. Reddy1 
 
1Department of Food Science and Human Nutrition, Iowa State University, Ames, Iowa, 50011, USA 
2Nutrition International, Ottawa, ON, K2P 2K3, Canada 
 
Abstract 
Manufacturers are able to fortify flour with cheaper, less bioavailable iron compounds, or 
with inappropriate iron levels, leading to less impact on reducing the global burden of anemia. 
Currently, there is no quick, low-cost method for the identification or quantification of iron 
fortificants in cereal flours. Our objective was to develop a quick and simple method to identify 
and quantify iron compounds commonly used for flour fortification. Unfortified whole wheat, 
refined wheat, and yellow corn flours were fortified with 20–60 mg Fe/kg using ferric 
pyrophosphate (FePP), ferrous sulfate (FeSO4), ferrous citrate (FeCit), ferrous fumarate 
(FeFum), sodium ferric EDTA (NaFeEDTA), and electrolytic iron (EFe). Using potassium 
thiocyanate (KSCN) with HCl with and without hydrogen peroxide (H2O2), we identified EFe, 
ferric, and ferrous fortificants. NaFeEDTA, FePP, FeSO4, FeCit, and FeFum were identified 
based on their solubility in water using ferrozine with and without ascorbic acid (ASC). An 
alternative method for identification that uses only KSCN as a chromogen was also developed 
but was inferior to the ferrozine method. Four blinded samples were prepared with randomly 
selected fortificants (EFe, NaFeEDTA, FePP, FeFum) and all were correctly identified by four 
39 
 
personnel. For quantification, those blinded samples plus an additional sample with FeSO4 were 
tested. The average of each person’s reported iron levels for each sample were within 10 mg 
Fe/kg of actual iron levels 85% of the time. Estimated iron levels from the visual method were 
not significantly different than iron levels from two standard quantitative methods (p > 0.05) for 
all the fortificants tested suggesting reliability of simple visual testing. These quick, inexpensive, 
and reliable methods will be useful for agencies to identify the type and amount of iron added to 
flour to monitor the quality of iron fortification strategies. 
Introduction 
Iron deficiency is the most prevalent micronutrient deficiency in the world today and the 
most common cause of anemia. Globally, anemia affects 2.0 billion people [1], with the highest 
prevalence in preschool-age children and women of reproductive age [2]. If not prevented or 
corrected, IDA may cause impaired mental development, reduced physical performance, reduced 
work productivity, increased maternal and child morbidity and mortality, and referral to health-
care professionals [3]. Food fortification can be a safe and effective strategy for reducing the 
incidence of iron deficiency. Iron fortification has been shown to increase serum ferritin and 
hemoglobin levels in females of reproductive age [4] and iron fortification of infant formula has 
been associated with a decrease in infancy and childhood anemia [5]. In 2006, the World Health 
Organization (WHO) and the Food and Agriculture Organization of the United Nations (FAO) 
published recommendations on wheat and maize flour fortification [5]. Four iron sources, 
sodium ferric EDTA (NaFeEDTA), ferrous sulfate (FeSO4), ferrous fumarate (FeFum), and 
electrolytic iron (EFe), which vary widely in bioavailability and cost, were listed as suggested 
iron fortificants for wheat and corn flour. Additionally, the Food Safety and Standards Authority 
of India allows for the use of those four fortificants plus ferrous citrate (FeCit), ferrous lactate, 
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ferric pyrophosphate (FePP), and ferrous bisglycinate to be added to Atta (whole wheat flour) 
and Maida (refined wheat flour) [6]. FeCit, ferrous lactate, and ferrous bisglycinate are more 
costly and not commonly used fortificants [5,7].  
Cereal flours are the most widely used vehicles for iron fortification because they are 
staple food commodities in many parts of the world. Iron fortificants are broadly classified into 
three groups: water soluble, poorly water soluble but soluble in dilute acid, and water insoluble 
and poorly soluble in dilute acid. The criteria for selecting the form of iron to add to cereal flours 
include its bioavailability, effect on the quality of flour, and fortificant cost. FeSO4 is well 
absorbed and is often used as the standard against which bioavailability of other iron fortificants 
is measured. FeSO4 is the most commonly used water-soluble iron fortificant because it is 
inexpensive, but it can cause sensory changes due to fat oxidation or reaction with other natural 
substances present in the food matrix [5]. FeCit is poorly water soluble and soluble in dilute acid 
and it is believed that iron from FeCit is well absorbed (74% that of FeSO4) [8]. FeFum is poorly 
soluble in water and soluble in dilute acid [5]. Because FeFum is poorly soluble in water, it 
causes fewer organoleptic problems in foods, but may also be poorly absorbed by those with low 
stomach acid production [7]. FePP is insoluble in water and poorly soluble in dilute acid and its 
bioavailability is low [5, 9]. However, FePP tends to have less effect on the sensory qualities of 
food than other fortificants [10]. Most commercially available elemental iron fortificants, 
including EFe, are water insoluble, poorly soluble in dilute acid [5]. EFe has a bioavailability 
that is up to 75% that of FeSO4, which is high compared to other elemental fortificants, though 
particle size plays a role in the bioavailability of elemental fortificants [5, 11]. Recently, 
NaFeEDTA, a water-soluble iron compound, has been approved for use as a fortificant because 
of its promising effectiveness [5]. It is able to counteract the inhibitory effect on iron absorption 
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of phytic acid, which is present in whole wheat flour. The absorption of iron from NaFeEDTA 
when added to high phytate foods is 2–3 times greater than that of FeSO4, and it also does not 
promote lipid oxidation in foods.  
In terms of cost, the most inexpensive food-grade iron is hydrogen-reduced iron, 
followed by EFe, FeSO4, FeFum, FePP, and finally NaFeEDTA [5]. However, the extent to 
which a national or regional food supply is fortified with iron varies considerably [12]. In a 
mandatory program, governments stipulate which iron fortificants are permitted, but in voluntary 
programs, industries may use the cheapest source of iron, which likely have low bioavailability. 
The public health impact of iron fortification programs depends on the amount and 
bioavailability of the iron fortificants added to foods. Although most countries rely on the 2006 
WHO fortification guidelines, iron fortification programs appear to have marginal effects on 
reducing the burden of IDA, particularly in developing countries, due to lack of legislation and 
oversight of fortification programs [12]. Given the wide variety of iron fortificants, the ability to 
rapidly identify iron compounds in fortified foods allows program managers to readily determine 
if the fortified food complies with the technical specifications and is an objective measurement 
of program performance. In practice, the performance, complexity, and cost of fortification 
methods will depend on factors including food matrix, iron fortificant used, and levels of food 
enforcement desired. The objective of this study was to provide a cost-effective, rapid, and 
accurate test to identify and quantify iron fortificants in flour.  
Methods 
Flour, iron compounds, and chemicals  
Whole wheat flour was obtained from a local market in India. Refined wheat flour and 
yellow corn flour were obtained from Archer Daniels Midland Company (Overland Park, KS, 
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USA and Jackson, TN, USA respectively). All iron compounds (electrolytic iron (EFe), sodium 
ferric ethylenediaminetetraacetate (NaFeEDTA), ferric pyrophosphate (FePP), ferrous sulfate 
(FeSO4), ferrous fumarate (FeFum), and ferrous citrate (FeCit)) were obtained from Dr. Paul 
Lohmann (Emmerthal, Germany). L-ascorbic acid (ASC), sodium acetate trihydrate, hydrogen 
peroxide (H2O2), hydrochloric acid (HCl), and trichloroacetic acid (TCA) were from Fisher 
Scientific (Chicago, IL, USA). Ferrozine (3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-4′,4″-
disulfonic acid sodium salt), potassium thiocyanate (KSCN), and thioglycolic acid (TGA) were 
obtained from Sigma-Aldrich (St. Louis, MO, USA). Iron standard solution for AAS was 
obtained from Fluka (Buchs, Switzerland). 
Method and fortification of flour  
The method presented here uses four steps (Figure 3.1). In step 1, iron fortificants were 
identified as ferrous, ferric, or electrolytic. In step 2, fortificants identified in step 1 as ferric were 
further tested to identify FePP and NaFeEDTA. In step 3, fortificants identified in step 1 as 
ferrous were further tested to identify FeSO4, FeFum, and FeCit. In step 4, iron was quantified.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Method overview. In step 1, oxidation state (ferrous, ferric, or elemental) was identified. In step 2, 
FePP and NaFeEDTA were identified. In step 3, FeSO4, FeFum, and FeCit were identified. In step 4, iron was 
quantified. 
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For use in development of steps 1–3, refined wheat, whole wheat, and yellow corn flour 
was fortified with NaFeEDTA, FePP, FeSO4, FeCit, and FeFum to achieve 40 mg Fe/kg, and 
with EFe to achieve 60 mg Fe/kg iron (Table 3.1), based on WHO recommendations. For blinded 
sample testing of steps 1–3, four samples (A, B, C, and D) were prepared, and an additional 
blinded sample (E) was added for blinded testing for step 4. Type of fortificant and iron levels 
were randomly selected for samples A–D by assigning each fortificant (EFe, FePP, NaFeEDTA, 
FeFum, FeSO4, FeCit) a number between 1–6, and each iron level (20, 25, 30, 35, 40, 45, 50, 55, 
and 60 mg Fe/kg) a number between 1–9. Numbers were randomly selected to determine iron 
levels and fortificants to be added to flour. For sample E, FeSO4 was intentionally selected, but 
iron level was determined randomly. The resulting blinded samples are presented in Table 3.2. 
These samples were made with refined wheat flour. After iron was added, flour samples were 
mixed for at least 10 min using a hand crank mixer (OXO Softworks Egg Beater) and stored in 
airtight resealable plastic bags. Iron levels of all samples were verified using the established iron 
determination method (long method) described on pages 45–46. 
 
Table 3.1. Sample preparation for method development 
Fortificant mg Fe/kg flour Flour (g)* Fe (%)** Fortificant (g) Total Fe (mg) 
EFe 60  100 99.6 0.006 6.0 
NaFeEDTA 40  100 13.2 0.030 4.0 
FePP 40  100 24.8 0.016 4.0 
FeSO4 40  100 32.7 0.012 4.0 
FeFum 40  100 32.9 0.012 4.0 
FeCit 40  100 21.0 0.019 4.0 
*Refined wheat, whole wheat, and yellow corn flour  
**Percent of iron in fortificant based on certificate of analysis, except for FeFum where chemical formula was used 
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Table 3.2. Blinded sample preparation 
Sample Fortificant mg Fe/kg flour Flour (g)* Fe (%)** Fortificant (g) Total Fe (mg) 
A FePP 45  100 24.8 0.018 4.5 
B NaFeEDTA 20  100 13.2 0.015 2.0 
C FeFum 50  100 32.9 0.015 5.0 
D EFe 35  100 99.6 0.004 3.5 
E FeSO4 60  100 32.7 0.018 6.0 
*Refined wheat, whole wheat, and yellow corn flour  
**Percent of iron in fortificant based on certificate of analysis, except for FeFum where chemical formula was used 
 
 
Step 1: Identification of ferrous, ferric, and electrolytic fortificants  
American Association of Cereal Chemists (AACC) method 40-40 [13] was modified to 
differentiate between ferrous and ferric fortificants, and EFe. A small amount of flour (~0.3 g) 
was mixed with 2 mL of 3 N HCl. One mL of 10% (w/v) KSCN was added to each sample and 
color developed for 10 min. One mL 3% (v/v) H2O2 was then added and color changes and 
specks were recorded. Samples that produced a dark pink or red color before the addition of 
H2O2 were identified as ferric and were subjected to step 2. Samples that produced a dark pink or 
red color only after the addition of H2O2 and did not have red specks were identified as ferrous 
and were subjected to step 3. EFe was identified if thin red specks were formed after addition of 
H2O2. The presence of EFe was also verified by running a magnet (Neodymium N52 grade) 
through a ~100 g flour sample and observing iron fragments on the magnet. 
Step 2: Identification of sodium ferric EDTA and ferric pyrophosphate 
Flours fortified with ferric fortificants identified in step 1 were further tested to 
differentiate between NaFeEDTA and FePP based on their solubility in water. Briefly, a small 
amount of flour (~0.3 g) and 2 mL iron free water were mixed for 30 min. One mL working 
ferrozine was added, which was prepared by mixing 1 part 0.25% (w/v) stock ferrozine solution, 
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5 parts water, and 5 parts 61.24% (w/v) sodium acetate trihydrate solution. After 10 min, 1 mL 
5% (w/v) ASC was added and color was again allowed to develop for 10 min. If little to no color 
developed, the fortificant was identified as FePP, but if a strong purple color developed the 
fortificant was identified as NaFeEDTA. All tests were carried out in triplicates. 
Step 3: Identification of ferrous sulfate, ferrous fumarate, and ferrous citrate  
Flours fortified with ferrous fortificants identified in step 1 were further tested to 
differentiate between FeSO4, FeCit, and FeFum. Again, a small amount of flour (~0.3 g) and 2 
mL iron free water were mixed for 30 min. One mL working ferrozine, as described in step 2, 
was added and color developed for 10 min. At this stage, FeSO4 and FeFum did not react to 
produce color, but FeCit reacted with ferrozine to produce a light purple color. To further 
differentiate FeSO4 and FeFum, 1 mL 5% (w/v) ASC was added and color was again allowed to 
develop for 10 min. If a purple color developed, the iron was identified as FeSO4, and if no color 
developed, the iron was identified as FeFum. Again, all tests were carried out in triplicates. 
Step 4: Quantification of iron fortificants  
Long method 
Iron levels of all samples were verified using an established protocol [14]. In short, 0.1 g 
flour was mixed in 1 mL 10% (w/v) TCA in 3 N HCl and incubated at 65℃ for 20 hours, cooled, 
and centrifuged at 750 × g for 15 min. Stock iron standard solutions were prepared by diluting 1 
mg Fe/mL stock iron solution to 10, 20, 30, 40, 50, 60, 80, and 100 µg Fe/mL using iron free 
water. For standards without flour, these were further diluted to 1, 2, 3, 4, 5, 6, 8, and 10 µg 
Fe/mL using 10% (w/v) TCA in 3 N HCl. For standards with flour, 0.1 ± 0.01 g flour was 
weighed, 0.1 mL iron standard solution and 0.9 mL 10% (w/v) TCA in 3 N HCl were added, 
standards were incubated at 65℃ for 20 hours, cooled, and centrifuged at 750 × g for 15 min. 
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Ferrozine chromogen was prepared by mixing 1 part 0.25% (w/v) ferrozine 1% TGA with 5 parts 
61.24% (w/v) sodium acetate trihydrate and 5 parts water. Thirty μL standard or sample 
supernatant and 270 μL ferrozine chromogen were added to a ninety-six well microplate. After 
10 min, absorbance was measured at 563 nm and iron levels were calculated based on the linear 
curve generated from standards. 
Short method 
To reduce time needed to perform the quantification assay, an established method for 
serum iron determination with modifications was used for flour iron determination [15]. A small 
amount of flour sample (~1 g) was placed in a 15 mL screw top centrifuge tube. One mL water 
and 9 mL 10% (w/v) TCA 3 N HCl were added. Samples were vortexed for 45 seconds and 
placed in a boiling water bath for 5 min. Samples were cooled and centrifuged for 15 min at 
3200 × g to obtain clear supernatants.  
For standards, a small amount of flour (~1 g) was placed in a 15 mL screw top centrifuge 
tube. Nine stock iron standard solutions were made by diluting 1 mg Fe/mL stock iron with 
water. Final concentrations of stock iron standard solutions were 10, 20, 30, 40, 50, 60, 80, and 
100 µg Fe/mL. For each of the nine standards, 1 mL stock iron solution, and 9 mL 10% (w/v) 
TCA 3 N HCL of iron were added to ~1 g flour and were processed like samples. An additional 
set of standards were made that did not use flour. These were prepared by diluting 1 mL of stock 
iron with 9 mL 10% (w/v) TCA. Final concentrations of both standard curves were 1, 2, 3, 4, 5, 
6, 8, and 10 µg Fe/mL, not including the iron contributed from the unfortified flour. Working 
ferrozine used in this step was slightly modified and consisted of 0.025% (w/v) ferrozine, 0.1% 
(v/v) TGA, and 61.2% (w/v) sodium acetate trihydrate. To accurately analyze iron level, 150 μL 
sample and 150 μL working ferrozine were mixed, color developed for 10 min, absorbance was 
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measured at 562 nm, and iron levels were calculated based on the linear curve generated from 
standards. 
Visual quantification 
To quantify visually, samples and standards were prepared using the short method and 1 
mL of each sample or standard supernatant was added to a clear glass test tube. One mL working 
ferrozine was added and color developed for 10 min. Color intensity of samples was compared 
visually to color intensities of both standards (with and without flour) to estimate iron level. 
Statistical analysis 
Iron levels were reported as mean ± SD. Differences of mean values for each fortificant 
using three methods (separately with and without flour) were assessed using ANOVA with 
Tukey multiple comparisons and differences were considered significant at p < 0.05. Two tailed 
t-tests were performed to compare actual sample iron levels to intended iron levels (hypothesized 
mean); results were considered significant if p < 0.05. All statistical analyses were performed in 
JMP Pro 14 statistical software from SAS. 
Alternative methods for fortificant identification and quantification 
An alternative method was also developed for identification and quantification of EFe, 
NaFeEDTA, FePP, FeSO4, and FeFum that requires only KSCN alone as a chromogen, due to 
difficulties acquiring ferrozine in some developing countries. Step 1 is the same as described 
above. In step 2, a small amount of flour (~0.3 g) was mixed in 2 mL water for 10 min. The flour 
mixture was then allowed to stand for 10 min or until the liquid on top was clear. One mL 
supernatant was transferred to a new dish. KSCN solution (10% w/v in 3 N HCl) was prepared 
immediately before use, 1 mL was added to flour supernatant, and color was recorded. In step 3, 
a small amount of flour (~0.3 g) was mixed in 2 mL 0.01 N HCl along with 1 mL 3% (v/v) H2O2. 
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This was mixed for 10 min and allowed to stand for 10 min or until the liquid on top was clear. 
One mL supernatant was removed and 1 mL 10% (w/v) KSCN in 3 N HCl prepared immediately 
before use was added. Color changes and the formation of red specks were recorded. In step 4, a 
small amount (~0.3 g) of sample flour and flour standards with 20, 30, 40, 50, and 60 mg Fe/kg 
iron were mixed in 4 mL 3 N HCl with 1 mL 3% (v/v) H2O2. Color intensity of samples was 
compared with color intensity of standards after 10 min after adding 1 mL 10% (w/v) KSCN.  
Results and Discussion 
Step 1: Identification of ferrous, ferric, and electrolytic fortificants 
Taking advantage of chromogen reactivity with ferric and ferrous (KSCN and ferrozine) 
iron, solubility characteristics of iron fortificants, and using reducing and oxidizing agents (ASC 
and H2O2), we developed a step by step process to identify iron fortificants used to fortify flour. 
The first step differentiated ferric and ferrous fortificants, and also identified EFe. Testing with 
KSCN in an acidic solution has been used routinely in flour mills for at least 50 years to identify 
ferric and ferrous fortificants [13]. However, this method is not useful for identifying specific 
iron fortificants. KSCN can react only with ferric iron in an acidic condition to form a red 
colored complex. In the first step, as expected, a strong red color developed with NaFeEDTA 
and FePP samples when KSCN was added. After adding H2O2 to convert iron from ferrous to 
ferric, ferrous fortificants developed a uniform red color, as expected, while EFe formed thin red 
specks, which is likely due to its poor solubility. EFe was also confirmed using a magnet, but it 
was difficult to observe iron fragments on the magnet because of the low amount of iron added 
to fortified flour and because the iron particles are very small. This test could be improved by 
using a large amount of flour and utilizing a magnifying glass. The results of step 1 are 
summarized in Table 3.3. 
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Table 3.3. Results from steps 1–3 for identification of iron fortificants  
  
 
 
Fortificant 
Oxidation State Test 
KSCN and 3 N HCl 
 
 
 
Magnetic 
Solubility Test 
Ferrozine and water 
- H2O2 + H2O2 - ASC + ASC 
NaFeEDTA Dark Dark No No color Dark 
FePP Dark Dark No No color No color or 
light  
EFe No color or 
light 
Dark with red 
specks 
Yes   
FeSO4 No color or 
light 
Dark No No color or 
light 
Dark 
FeCit No color or 
light 
Dark No Medium 
color 
Dark 
FeFum No color or 
light 
Dark No No color No color or 
light 
Results were similar for all flour tested (refined wheat, whole wheat, and yellow corn flour), but whole wheat flour 
samples generally produced darker color than refined wheat and yellow corn flours.  
 
Step 2: Identification of sodium ferric EDTA and ferric pyrophosphate 
Because of the low solubility of FePP in water compared to NaFeEDTA, we expected to 
see more color development with NaFeEDTA when NaFeEDTA fortified flour was mixed with 
KSCN in water instead of acid. However, adding KSCN to ferric fortified flour mixed in water 
did not produce color, which may be due to the inability of KSCN to react with ferric iron at a 
neutral pH. Because ferrozine works at a wider pH range including at a neutral pH [16], we were 
able to use ferrozine to test the solubility of fortificants in water. Due to ferrozine reactivity with 
only ferrous iron, adding ASC to reduce iron allowed us to use ferrozine with ferric fortificants. 
As expected, NaFeEDTA produced a more intense purple color with ferrozine plus ASC than 
FePP because of NaFeEDTA’s solubility in water. The results of step 2 are also presented in 
Table 3.3. 
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Step 3: Identification of ferrous sulfate, ferrous fumarate, and ferrous citrate  
To differentiate the three ferrous fortificants, we utilized ferrozine, with and without 
ASC, using the flours mixed in water. Before adding ASC, only FeCit reacted with ferrozine. 
After adding ASC, both FeCit and FeSO4 reacted with ferrozine to produce a purple color. These 
results may be due to the solubility and stability of FeSO4 and the FeCit complex in water. We 
believe that, when dissolved at a neutral pH, FeSO4 dissociates. Free ferrous iron in a neutral pH 
is oxidized to ferric [17] meaning the iron from FeSO4 is unable to react with ferrozine. This is 
supported by the fact that adding ASC to FeSO4 samples, which converts the ferric iron to 
ferrous, caused the FeSO4 samples to then produce dark purple color with ferrozine. However, 
we believe that FeCit when dissolved in water does not dissociate to the same degree as FeSO4 
and the iron from FeCit is protected and is not oxidized allowing it to react with ferrozine. As 
expected, FeFum did not react with ferrozine and ASC due to its poor solubility in water. In this 
step, we were able to differentiate all three ferrous fortificants and the results of step 3 are 
presented in Table 3.3. If FeCit, which is not commonly used for fortification, is not included as 
a sample, adding ferrozine and ASC together in a single step will be enough to identify FeSO4 
and FeFum.  
 Step 4: Quantification of iron fortificants 
Results from the long method with spectrophotometer, short method with 
spectrophotometer, and short method with visual analysis, each with the two sets of standards, 
for samples A–E are summarized in Figure 3.2. To assure that the presence of flour was not 
interfering with measurements, analyses where performed using standards with and without 
flour. Visual analysis is purely qualitative and comparing those values to more accurate results 
attained with a spectrophotometer assures that our quick method will provide accurate results in 
51 
 
a field setting. For each sample, the mean iron level using each of the three methods and 
measured against two standards (with and without flour) were not significantly different from 
each other (p > 0.05), suggesting that our visual method can accurately quantify iron fortificants 
in flour.  
 
 
Figure 3.2. Comparison of quantification methods. Quantification methods using 3 different methods that are 
measured against standards made without (A) and with (B) flour. Values are means ± SD and values above bars are 
intended iron levels. For long and short methods with spectrophotometer n = 5–7. For visual method, means 
represent values measured by 4 personnel who analyzed each sample in duplicate (n = 8). Short method with visual 
analysis and spectrophotometer analyses are as accurate at estimating iron levels as the long method. Within each 
sample, means among the methods are not significantly different (P = 0.05).  
 
 
For sample A, intended and actual iron level were significantly different (P = 0.05). For 
samples B–E, intended and actual iron levels were not significantly different (P > 0.05). 
Fortifying flour in a lab setting is likely different than fortification in an industrial setting due to 
differences in scale. Mixing with a hand mixer for 10 minutes was likely insufficient in creating 
homogenous samples. Because of this and the small size of samples, there were large standard 
deviations for some samples tested with the long method. 
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Identification and quantification of blinded samples  
We were able to differentiate six iron fortificants with simple methods using only a few 
reagents. This method worked with fortified wheat flour, refined wheat flour, and yellow corn 
flour suggesting usefulness of this for universal testing of many flour types. To assure the 
reliability and reproducibility of our methods, blinded samples (A, B, C, and D) were tested by 
four laboratory personnel. All four personnel correctly identified the iron fortificant used in all 
four blinded fortified flour samples using steps 1–3.  
Samples A–E were processed via step 4 and four laboratory personnel quantified the iron 
by visually comparing the color intensity of samples in duplicate to the color intensity of 
standards with and without flour. Duplicates from the reported iron level for each sample were 
averaged and data for each sample was combined (n = 20). When standards without flour were 
used, the averaged reported iron values were 85% of the time within 10 mg Fe/kg and 70% of the 
time within 5 mg Fe/kg of the actual iron level of samples determined with the long method 
using standards without flour (Table 3.4). The values were lower when standards with flour were 
used. Averaged reported iron values were 60% of the time within 10 mg Fe/kg and 45% of the 
time within 5 mg Fe/kg of the actual iron level (Table 3.4). These results suggest that when 
comparing the color intensity visually for quantification, standards should be prepared without 
flour for more accurate and precise results. Additionally, some fortificants were more accurately 
predicted than others. When using standards without flour, the average reported iron level for 
each person from NaFeEDTA samples was within 5 mg Fe/kg of the actual iron level 100% of 
the time, 75% of the time for FePP, EFe, FeFum, and 25% of the time for FeSO4. For all 
samples, the average reported iron level using standards without flour was within 10 mg Fe/kg of 
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the actual iron level between 75–100% of the time, except for sample E (FeSO4), which was 
within 10 mg Fe/kg only 50% of the time.  
 
 
Table 3.4. Visual analysis method 
 Standards without flour Standards with flour 
Sample 
(Fortificant) 
Within 5 
mg Fe/kg 
of actual* 
Within 10 
mg Fe/kg 
of actual* 
Within 15 
mg Fe/kg 
of actual* 
Within 5 
mg Fe/kg 
of actual* 
Within 10 
mg Fe/kg 
of actual* 
Within 15 
mg Fe/kg 
of actual* 
A (FePP) 3/4 4/4 4/4 2/4 2/4 4/4 
B (NaFeEDTA) 4/4 4/4 4/4 2/4 3/4 4/4 
C (FeFum) 3/4 3/4 4/4 2/4 2/4 3/4 
D (EFe) 3/4 4/4 4/4 1/4 3/4 4/4 
E (FeSO4) 1/4 2/4 3/4 2/4 2/4 3/4 
Total 14/20 17/20 19/20 9/20 12/20 18/20 
Fraction of laboratory personnel whose average reported iron level from blinded sample testing using the short 
method with visual analysis was within 5, 10, and 15 mg Fe/kg of the sample’s actual iron level (n=4). 
*Actual iron level of each sample determined via the long method using standards without flour rounded to the 
nearest whole number. 
 
Alternative methods for fortificant identification  
In the alternative methods we utilized an extraction step to extract iron that is soluble in 
water or dilute acid. We then added KSCN dissolved in 3 N HCl to produce color. In step 2 of 
the alternative methods, NaFeEDTA produced a dark color with KSCN, while FePP produced 
little or no color, likely due to NaFeEDTA being more soluble in water than FePP. In step 3 of 
the alternative methods, FeSO4 produced no specks or large red specks, while FeFum produced 
many small red specks, likely due to differences in particle size. For quantification, similar to the 
ferrozine method, we were able to quantitate the iron level of unknown samples when standards 
of the same flour type were used and prepared in the same manner as samples.  
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Comparison to other identification and quantification methods  
To our knowledge no other methods exist that allow for the identification of six iron 
fortificants without the use of analytical instruments. The AACC method 40-40 [13] and 
variations of it have been able to differentiate ferrous and ferric fortificants, but not identify 
fortificants more specifically. Other methods that utilize potassium ferricyanide in conjunction 
with a magnet are able to identify FeSO4, FeFum NaFeEDTA, and elemental iron [18]. Many 
methods exist for quantification of iron in foods, many of which utilize atomic absorption 
spectrometry (AAS), a spectrophotometer, or photoelectric colorimeter, which are used along 
with iron chromogens like ferrozine, KSCN, bathophenanthroline (4,7-Diphenyl-1,10-
phenanthroline), and 2,2′-Bipyridine [14, 19–21]. In many methods, the process for preparing 
samples can be time consuming and may require ashing of samples [14, 20]. 
Spectrophotometers, as well as instruments for AAS, can be expensive and not portable. A 
portable photometer like the iCheck handheld photometer from BioAnalyt could be a potential 
solution, but the photometer and its required kits can still be costly. An even more affordable 
alternative for quantification uses a smartphone camera and application to quantify iron based on 
the color intensity using ferrozine [22]. These methods, however, appear to only have been used 
with FeSO4 and FeFum, while our methods for quantification have been tested with EFe, FePP, 
NaFeEDTA, FeSO4, and FeFum. 
Limitations and future research 
 This work presents a novel method for the identification and visual quantification of iron 
fortificants. The ASSURED (Affordable, Sensitive, Specific, User-friendly, Rapid and robust, 
Equipment-free, and Deliverable to end users) criteria can be used to assess the usefulness of 
diagnostic and analytical tools [23]. The method described here is user-friendly in that it requires 
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training in only basic laboratory techniques. The method is also affordable and equipment-free in 
that it does not require costly analytical tools like spectrophotometers, except an analytical 
balance. A centrifuge is also used in step 4 of these methods. Future work could standardize a 
method in which gravity is used for this step instead of a centrifuge or where separation is not 
required. Lastly, because these methods rely on visual analysis for both identification and 
quantification, we recognize that those with visual impairments or who are color blind may be 
unable to use these methods. Future methods could be developed that utilize a smartphone 
camera and application to judge color and color intensity similar to those presented in Waller et 
al. [22]. 
Conclusions 
Using the knowledge of simple iron chemistry, like solubility and oxidation states, and 
using appropriate iron chromogens, we developed an inexpensive, rapid, and reliable qualitative 
test to identify iron fortificants added to flour. Additionally, modifying existing iron 
quantification protocols allowed us to develop methods to quantify iron visually. While we were 
able to identify and quantify iron fortificants using only KSCN as a chromogen, we recommend 
using our methods with both KSCN and ferrozine as the iron-ferrozine complex and its resulting 
color are more stable than the color produced by iron-SCN complex, and the method with 
ferrozine does not require the additional extraction step. Additionally, we developed methods 
that can be used to quantify iron visually, though we recommend using a spectrophotometer or 
other quantitative equipment if available for more accurate and reliable results. We also 
recommend using standards that do not contain flour for more accurate quantification of total 
sample iron. Still, our methods can be easily used for monitoring and evaluation of iron 
fortification programs, especially in low income countries.  
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CHAPTER 4. GENERAL CONCLUSIONS 
 The research presented here focused on the development of inexpensive, rapid, and 
reliable methods for the identification of iron fortificants in flour. Iron is the most common 
nutrient deficiency globally and cereal flours are commonly fortified with iron, but without 
appropriate methods to identify and quantify iron compounds in flour, oversight of fortification 
programs is not possible.  
 We were able to develop methods that can identify six of the most commonly used iron 
fortificants in flour: EFe, FeSO4, FeFum, FeCit, NaFeEDTA, and FePP. When lab assistants 
tested blinded flour samples containing either EFe, FeFum, NaFeEDTA, or FePP, they were able 
to correctly identify the fortificant 100% of the time. When quantifying iron from samples with 
EFe, FeSO4, FeFum, FeCit, NaFeEDTA, or FePP they were able to correctly identify the iron 
level of the sample within 5 mg Fe/kg of the actual level 70% of the time and within 10 mg 
Fe/kg of the actual iron level 85% of the time. Additionally, we were able to develop alternative 
methods using only KSCN as a chromogen that are able to identify and quantify iron fortificants 
in flour. Lastly, we had some success being able to identify iron samples that contained more 
than one fortificant (Appendix A). Future research should focus on refining the quantification 
protocols to produce more accurate results and that do not require the use of a centrifuge so they 
can be used in a field setting. Additionally, quantification methods should be developed using a 
smartphone camera and application which are able to quantify all iron fortificants.  
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APPENDIX A. METHODS FOR IDENTIFICATION OF MORE THAN ONE 
FORTIFICANT IN A SINGLE SAMPLE 
 
 Occasionally, more than one fortificant is used to fortify a single batch of flour. This may 
be done because it is mandated in a fortification program, as in Venezuela, where precooked 
corn flour is fortified with 30 mg Fe/kg of iron as ferrous fumarate (FeFum) and 20 mg Fe/kg of 
electrolytic iron (EFe) [1]. This is done to lessen the organoleptic problems that would be caused 
by adding 50 mg Fe/kg iron as only FeFum. Mixing inexpensive low bioavailable iron 
fortificants with costly high bioavailability fortificants may also be done to save money. Due to 
this, a method is needed that can identify more than one iron fortificant in a single sample.  
Methods 
Mixed samples were prepared to create samples with 40 mg Fe/kg iron total with 20 mg 
Fe/kg as EFe and 20 mg Fe/kg iron as either FeFum or NaFeEDTA. These samples were not 
tested blindly, and they were not tested quantitatively except to verify accuracy of fortification 
using the long method as described in chapter 3. Preparation of standards with 40 mg Fe/kg 
added iron as NaFeEDTA, FeFum, and EFe is described in chapter 3.  
Samples with NaFeEDTA + EFe and controls with 40 mg Fe/kg NaFeEDTA and 40 mg 
Fe/kg EFe were subjected to steps 1 and 2 of our identification protocol as described in chapter 
3. Samples with FeFum + EFe and controls with 40 mg Fe/kg FeFum, and 40 mg Fe/kg EFe 
were subjected to steps 1 and 3 as described in chapter 3. All tests were performed in triplicate.  
Results and Discussion 
 In step 1, before adding H2O2, NaFeEDTA produced a red color, NaFeEDTA + EFe 
produced a dark pink color, and EFe, FeFum, and FeFum + EFe produced a light pink color. 
After adding H2O2, NaFeEDTA maintained a dark pink color, NaFeEDTA + EFe became 
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slightly lighter and developed red specks, EFe and FeFum + EFe became slightly darker and 
developed red specks, and FeFum became darker. In step 2 before adding ASC, NaFeEDTA, 
EFe, and NaFeEDTA + EFe all had no color. After adding ASC, NaFeEDTA produced a very 
dark purple color, NaFeEDTA + EFe produced a dark purple color, and EFe produced only a 
light purple color. In step 3 before adding ASC, EFe, FeFum, and FeFum + EFe, all had no 
color. After adding ASC, they all produced a light purple color. Results for steps 1–3 are in table 
A-1. 
 
Table A-1. Steps 1–3 on samples with more than one fortificant  
Step 
NaFeEDTA 
 
NaFeEDTA + 
EFe 
EFe 
 
FeFum 
+ EFe 
FeFum 
Step 1 
Before 
H2O2 
Dark pink Pink Light pink Light pink Light pink 
After 
H2O2 
Dark pink 
Pink with red 
specks 
Pink with red 
specks 
Pink with red 
specks 
Pink 
Step 2 
Before  
ASC 
No color No color  No color ––––– ––––– 
After 
ASC  
Very dark 
purple 
Dark purple Light purple ––––– ––––– 
Step 3 
Before  
ASC 
––––– ––––– No color No color No color 
After 
ASC 
––––– ––––– Light purple Light purple Light purple 
Samples with a single fortificant (NaFeEDTA, EFe, or FeFum) were fortified with 40 mg Fe/kg added iron. Samples 
with two fortificants (NaFeEDTA+EFe and FeFum+EFe) were fortified with 20 mg Fe/kg added iron from EFe and 
20 mg Fe/kg added iron from either NaFeEDTA or FeFum.  
 
When controls with 40 mg Fe/kg NaFeEDTA, 40 mg Fe/kg FeFum, and 40 mg Fe/kg 
EFe were used alongside samples for comparison, samples with NaFeEDTA + EFe could be 
identified. In step 1, NaFeEDTA + EFe formed a dark color with KSCN before the addition of 
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H2O2 indicating the presence of a ferric iron compound. After adding H2O2, red specks are 
formed indicating the additional presence of EFe. In step 2, a dark purple color is formed with 
ferrozine and ASC indicating the presence of a soluble iron compound like NaFeEDTA. Samples 
with FeFum + EFe could not be identified. In step 1, samples with FeFum + EFe can be 
identified as containing EFe iron because of the red specks. In step 3 however, FeFum and EFe 
produced the same color.  
Conclusions 
 Using steps 1–3, samples that contain both NaFeEDTA and EFe can be identified as 
having these two iron fortificants. However, because EFe and FeFum produce very similar 
results in our methods, only being differentiated by the red specks produced by EFe, a sample 
that contained both EFe and FeFum would likely be misidentified as just having EFe unless it 
was already known that the sample contained two iron fortificants. 
Reference 
1. García-Casal, M.N.; Layrisse, M. Iron fortification of flours in Venezuela. Nutr Rev 2002, 
60, S26–S29.  
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APPENDIX B. COMPLETE INSTRUCTIONS FOR IDENTIFICATION AND 
QUANTIFCATION    
 
 
 
 
Notes 
• Identification methods have been tested with whole wheat, refined wheat, and yellow 
corn flour. 
• In general, flour is fortified with 40 ppm iron, except for electrolytic Fe with 60 ppm. 
These methods have been tested with 6 fortificants with iron levels between 20–60 ppm 
(ppm = mg Fe/kg). 
 
Fortificant Abbreviations: 
NaFeEDTA: Sodium ferric ethylenediaminetetraacetate 
FePP: Ferric pyrophosphate 
EFe: Electrolytic iron  
FeCit: Ferrous citrate 
FeFum: Ferrous fumarate  
FeSO4: Ferrous sulfate 
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Steps  
Step 1: Differentiates by oxidation state  
Identifies Ferrous (Fe2+), Ferric (Fe3+), and Elemental (Fe0)  
Step 2: Differentiates ferric fortificants by solubility in water   
Identifies NaFeEDTA and FePP 
Step 3: Differentiates ferrous fortificants by solubility in water  
Identifies FeSO4, FeFum, and FeCit 
 Step 4: Quantification 
 
Supplies Needed for Identification 
• Iron free measuring spoons that measure ~0.3 g flour (slightly less than 1/8 tsp.) 
• 12 well plates or other small dishes that hold ~5–10 mL  
• Pipettes that can accurately measure 100 µL and 1000 µL  
• Volumetric flasks with 1000 mL and 50 mL volumes (all solutions are 50 or 1000 mL but 
volumes can be adjusted as needed) 
• Hot plate 
• Scale or balance 
 
Chemicals for Identification 
• Iron free water  
• Concentrated hydrochloric acid (12.1 N) 
• Potassium thiocyanate (FW = 97.18 g/mol) or ammonium thiocyanate (FW = 76.12 
g/mol) 
• Hydrogen peroxide (H2O2) 
• Ferrozine 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid monosodium salt 
hydrate (FW = 492.46 g/mol) 
• Sodium Acetate Trihydrate (FW = 136.08 g/mol) 
• L-Ascorbic Acid (FW = 176.13 g/mol) 
 
Additional Chemicals for Quantification  
• Trichloroacetic acid (FW = 163.38 g/mol) 
• Thioglycolic acid (FW = 92.11 g/mol) 
 
QS = quantity sufficient (fill to line on volumetric flask) 
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Solutions Needed for Identification  
 
Hydrochloric acid solution (3 N)  
In a 1 L volumetric flask add ~500 mL iron free water. Add 250 mL concentrated 
hydrochloric acid (12.1 N). QS to 1000 mL.  
 
Thiocyanate Solution (1 M)  
Add 5.0 g potassium thiocyanate or 3.9 g ammonium thiocyanate to a 50 mL volumetric 
flask. QS to 50 mL. Make fresh on day of assay. 1 M KSCN = 10% (w/v) KSCN 
 
Hydrogen Peroxide (3% v/v)  
Can purchase at 3% (over the counter hydrogen peroxide is 3%). Can also buy 30% 
hydrogen peroxide and dilute. Add 100 mL 30% hydrogen peroxide to 1000 mL 
volumetric flask and QS to 1000 mL.  
 
Stock Ferrozine  
Add 0.125 g ferrozine to a 50 mL volumetric flask and QS to 50 mL. Can keep in dark 
(wrap it with foil) for 2 weeks in the refrigerator.  
 
Saturated Sodium Acetate (4.5 M) 
Add 30.62 g sodium acetate trihydrate to 50 mL volumetric flask and QS to 50 mL with 
iron free water. Heat on hot plate to dissolve. Crystals should form after the solution 
cools to room temp.  
 
Working Ferrozine  
Mix together 10 mL saturated sodium acetate, 10 mL iron free water, and 2 mL stock 
ferrozine. Make fresh on day of assay. 
 
Ascorbic Acid (ASC) (5% w/v)  
Add 2.5 g to a 50 mL volumetric flask. QS to 50 mL with iron free water. Make fresh on 
day of assay. 
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Step 1. Identifies EFe, Ferric, and Ferrous  
1. Add ~0.3 g flour per well x 3 replicates for each flour sample 
2. Add 2 mL 3 N HCl to each well 
3. Few minutes on shaker (could also mix by hand) until flour is well mixed 
4. Add 1 mL 10% (w/v) KSCN to each well 
5. Allow color to develop 10 minutes  
6. Record color (red/pink) in table below 
7. Add 1 mL 3% (v/v) H2O2 to each well   
8. Record color (red/pink) in table below 
 
 H2O2 NaFeEDTA FePP EFe FeCit FeFum FeSO4 
Replicate 1 - Color Color No color No color No color No color 
+ Color Color Color with 
red specks 
Color Color Color 
Replicate 2 - Color Color No color No color No color No color 
+ Color Color Color with 
red specks 
Color Color Color 
Replicate 3 - Color Color No color No color No color No color 
+ Color Color Color with 
red specks 
Color Color Color 
Example table with expected color for each fortificant. 
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Step 1 Expected Results Before Adding H2O2  
 Ferric fortificants → red color  
 EFe and ferrous fortificants → no color  
     
 
 
 
 
 
 
 
 
 
 
 
 
 
Step 1 Expected Results After Adding H2O2  
EFe → forms red color with specks  
Ferrous fortificants → red color  
Ferric fortificants → no change or lighter   
 
 
        
 
 
 
 
EFe 
 
 
 
FePP  
 
 
 
NaFeEDTA 
 
FeSO4 
 
 
 
FeCit 
 
 
 
FeFum 
 
EFe 
 
 
 
FePP  
 
 
 
NaFeEDTA 
 
FeSO4 
 
 
 
FeCit 
 
 
 
FeFum 
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Step 2. Identifies NaFeEDTA and FePP 
1. Add ~0.3 g ferric flour per well x 3 replicates for each flour sample 
2. Add 2 mL water to each well 
3. Mix on shaker for 30 minutes  
• Alternatively, mix with nonmetal utensil and allow to sit for 30 minutes 
4. Add 1 mL working ferrozine to each well 
5. Allow color to develop 10 minutes 
6. Record color (purple) in table below 
7. Add 1 mL 5% (w/v) ascorbic acid to each well 
8. Allow color to develop 10 minutes  
9. Record color (purple) in table below 
 
 ASC NaFeEDTA FePP 
Replicate 1 - No color No color 
+ Color No color 
Replicate 2 - No color No color 
+ Color No color 
Replicate 3 - No color No color 
+ Color No color 
Example table with expected color for each fortificant. 
 
Step 2 Expected Results After Adding ASC  
NaFeEDTA → dark color (because it is water soluble) 
FePP → no or light color (will likely not be completely white or clear due to some  
  iron from fortificant or flour being soluble in water) 
 
 
 
 
 
 
 
 
 
FePP  
 
 
 
NaFeEDTA 
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Step 3. Identifies FeSO4, FeFum, and FeCit 
1. Add ~0.3 g ferrous flour per well x 3 replicates for each flour sample 
2. Add 2 mL water to each well 
3. Mix on shaker for 30 minutes (timing is important) 
• Alternatively, mix with nonmetal utensil and allow to sit for 30 minutes 
4. Add 1 mL working ferrozine to each well 
5. Allow color to develop 10 minutes 
6. Record color (purple) in table below 
7. Add 1 mL 5% (w/v) ASC to each well 
8. Allowed color to develop 10 minutes  
9. Record color (purple) in table below 
 
 
 ASC FeSO4 FeCit FeFum 
Row 1 
(replicate 1) 
- No color Light color No color 
+ Color Color No color 
Row 2 
(replicate 2) 
- No color Light color No color 
+ Color Color No color 
Row 3 
(replicate 3) 
- No color Light color No color 
+ Color Color No color 
Example table with expected color for each fortificant. 
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Step 3 Expected Results Before Adding ASC  
FeCit → light color  
 FeSO4 → no color (soluble ferrous iron oxidizes at neutral pH) 
 FeFum → no color (not soluble in water) 
  
 
 
 
 
 
 
 
 
 
 
Step 3 Expected Results After Adding ASC 
FeCit → dark color  
 FeSO4 → dark color  
FeFum → light or no color (will likely not be completely white or clear due to some iron 
  from fortificant or flour being soluble in water)  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FeSO4 
 
 
FeCit 
 
 
FeFum 
 
FeSO4 
 
 
FeCit 
 
 
FeFum 
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Step 4. Quantification (quick and visual) 
1. Prepare standards with iron of same oxidation state (see below) or use atomic 
absorption standard (dilute 1 mg/mL to 0.1 mg/mL) 
• Add ~0.3 g flour to wells in triplicate  
• Add 60, 90, 120, 150, and 180 µL 0.1 mg/mL iron solution to wells to produce 20, 
30, 40, 50, and 60 ppm standards  
2. Weigh 0.3 g + 0.01 g sample flour  
3. Mix samples and standards in 3 mL 3 N HCl 
• Makes all iron soluble 
4. Let settle and transfer 0.5 mL supernatant to new well  
5. Add 4.5 ml working ferrozine reagent and 1 mL 5% (w/v) ASC to each well  
• Same working ferrozine as identification protocol 
6. Compare color intensity of samples to standards  
 
 
 
 
 
 
Preparation of Iron Standards Solution (0.1 mg Fe/mL) in 3 N HCl  
1. Prepare 1 mg Fe/mL 3 N HCl solution by adding amount of iron in table below to 50 mL 
volumetric flask and QS to 50 mL with 3 N HCl.  
2. Prepare 0.1 mg Fe/mL 3 N HCl solution by adding 5 mL 1 mg Fe/mL 3 N HCl solution and 
QS to 50 mL with 3 N HCl.  
 
 Percent Iron* Amount of Iron 
needed for 50 mL 1 
mg Fe/mL solution  
Amount of Iron Salt 
needed for 50 mL 1 
mg Fe/mL solution  
Electrolytic iron  100% 50 mg 50 mg (0.0500 g)  
NaFeEDTA  15.215%  50 mg 328.62 mg (0.3286 g) 
Ferrous Sulfate 36.762% 50 mg 136.01 mg (0.1360 g) 
*Percent iron based on chemical formula. Use percent iron from certificate of analysis if 
available.  
    20    30           40          50                    60 
    ppm                ppm                 ppm              ppm                ppm 
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Additional Solutions for Quantification 
 
 10% (w/v) TCA in 3 N HCl (Protein Precipitate Solution) 
 Weigh 5 g trichloroacetic acid (TCA). QS to 50 mL with 3 N HCl.  
 
 Stock ferrozine for quantification  
Weigh 0.125 g ferrozine and mix in ~40 mL iron free water. Add 0.5 mL ~100% (v/v) 
thioglycolic acid (TGA) and QS to 50 mL.  
 
Working ferrozine for quantification  
Weigh 30.6 g sodium acetate, add 5 mL stock ferrozine, and QS to 50 mL with iron free 
water. Mix well. (Sodium acetate may not completely dissolve.)  
 
Step 4. Quantification (accurate measurement of iron) 
1. Weigh 1 g fortified flour for samples  
2. Weigh 1 g unfortified flour for standards  
3. Make stock iron standards with 0, 10, 20, 30, 40, 50, 60, 80, and 100 µg Fe/mL by 
diluting stock iron with 1 mg Fe/mL. Dilute with water.  
4. Add 1 mL stock iron standard to standards and add 1 mL water to samples  
5. Add 9 mL protein precipitant solution (10% trichloroacetic acid in 3 N HCl) to samples 
and standards 
6. Boil for 5 min (short method) or incubate for 20 h at 65OC (long method) 
7. Centrifuge for 15 min  
• We use 3750 rpm with the Beckman Coulter Allegra 6R centrifuge for large 
volumes and 3000 rpm with the Eppendorf 5415C centrifuge for small volumes.  
 
For visual analysis: 
8. Add 1 mL of supernatant + 1 mL working chromogen to a test tube  
9. Allow color to develop for 10 min  
10. Compare color intensity of samples to standards  
 
For spectrophotometer analysis:  
8.  Mix 1 part supernatant with 1 part working chromogen (150 µL supernatant + 150 µL 
working chromogen for 96 well plate with 300 µL wells) 
9.    Allow color to develop 10 minutes 
10.  Read absorbance at 562 nm  
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Alternate Protocol (if ferrozine is unavailable) 
 
 
 
 
Steps  
Step 1: Same as original method 
Steps 2–4: Use KSCN instead of Ferrozine 
    Note: KSCN color is less stable  
KSCN requires acidic pH for color formation     
Additional extraction steps required 
 
 
 
Additional Solutions for Alternative Methods  
 
 10% (w/v) KSCN in 3 N HCl  
 Weigh 5 g KSCN. QS to 50 mL with 3 N HCl. Prepare immediately before use.  
 
0.01 N HCl  
Add ~900 mL water to a 1000 mL volumetric flask. Add 3.33 mL 3 N HCl. QS to 1000 mL 
with water.  
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Alternative Step 2. Identifies NaFeEDTA and FePP 
1. ~0.3 g flour x 3 replicates  
2. Mix in 2 mL water  
• Only water soluble iron will react  
3. Mix for 10 minutes or until well mixed  
4. Let stand until liquid on top is clear  
5. Remove 1 mL liquid and put in new well 
6. Add 1 mL 10% (w/v) KSCN in 3 N HCL prepared immediately before use  
7. Record color (red/pink) 
 
Alternative Step 2 Expected Results   
FePP → Light or no color  
NaFeEDTA → Dark   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FePP 
 
 
 
NaFeEDTA  
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Alternative Step 3. Identifies FeSO4 and FeFum  
1. ~0.3 g flour x 3 replicates  
2. Add 2 mL 0.01 N HCl  
3. Add 1 mL 3% (v/v) H2O2  
4. Mix 10 minutes or until well mixed  
5. Let stand until liquid on top is clear  
6. Remove 1 mL liquid and put in new well  
7. Add 1 mL 10% (w/v) KSCN in 3 N HCl prepared immediately before use 
8. Record color (red specks) 
 
 
Alternative Step 3 Expected Results 
FeSO4 → No specks or large specks  
FeFum → Many small specks  
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FeSO4 
 
 
 
 
 
 
FeFum 
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Alternative Step 4. Quantification  
1. Weigh 0.3 g flour + 0.01 g for samples  
2. Prepare standards 
• ~0.3 g flour  
• Add 60, 90, 120, 150, and 180 µL 0.1 mg/mL iron solution (stock can be 1 mg/mL 
and dilute it to 10X) (These are equivalent to 20, 30, 40, 50, and 60 ppm Fe)  
3. Add 4 mL 3 N HCl to samples and standards  
• To make all iron soluble 
4. Add 1 mL 3% (v/v) H2O2 to samples and standards  
• Converts ferrous to ferric 
5. Add 1 mL 10% (w/v) KSCN in water  
6. Compare color to standards  
• Can also read the absorbance at 490 nm using a microplate reader or 
spectrophotometer. 
 
 
 
.  
 
 
 
 
 
    20    30                  40          50                   60 
    ppm                ppm              ppm                 ppm               ppm 
